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Principals and Strategies for Constructing a Highly
Reversible Zinc Metal Anode in Aqueous Batteries
Chao Han, Weijie Li, Hua Kun Liu, Shixue Dou, and Jiazhao Wang*
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ABSTRACT: Among all the electrochemical energy storage systems, zinc-based batteries, such
as zinc-air, zinc-metal, zinc-ion batteries, etc., have been recognized as an important group of
candidates that could be potential alternatives to the currently dominant lead-acid and lithium-ion
battery systems, because they have many unbeatable merits, including direct use of zinc metal as
electrode; compatible with low cost, non-flammable, and environement-friendly aqueous
electrolyte; assembly in ambient conditions; environmental benignity; and high safety. Currently,
however, the capacitance, cycle life, and safety of zinc-based batteries were significantly degraded
by zinc-water interaction problems that take place on the zinc metal electrode, including corrosion,
passivation, shape change, and dendrite formation. This review gives a specific, comprehensive
and in-depth summary of the mechanisms behind these problems; as well as state-of-the-art
progress in the protection of the zinc electrode via intrinsic zinc alloy, zinc surface coating and
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electrolyte engineering in full pH range aqueous electrolyte. Future development trends,
perspective and outlooks on the further blossom of these strategies are also presented.

KEY WORDS: zinc electrode, aqueous electrolyte, zinc protection, zinc-based batteries
1. Introduction
The depletion of fossil fuels and our environmental crisis, the popularization of electrical
vehicles, and the extensive use of clean but intermittent renewable energy sources (such as wind
and solar) have significantly stimulated the enthusiastic of researchers on the development of
reliable, low-cost, and highly safe energy storage systems.[1-6] Among all the available energy
storage systems, zinc based batteries, including primary/rechargeable zinc-air batteries, Zn-Ni
batteries, Zn-MnO2 batteries, rechargeable zinc-ion batteries (ZIBs), etc. are considered as the
most promising candidates to replace commercial lead-acid batteries employing toxic lead
compounds and expensive/dangerous lithium ion batteries, as they feature much lower cost and
reasonable performance.[1-3, 7-12] First of all, as demonstrated by the Ragone plot in Figure 1(a),
both the power and energy density of Zn2+ are comparable to those of Li+. A typical example is
the zinc-air battery, in which, given its theoretical gravimetric and volumetric capacity of 820 mAh
g−1 and 5855 mAh cm−3, its theoretical volumetric energy density (4400 Wh L-1) and specific
energy density (180-200 Wh kg-1) are three times and 1.1 times greater, respectively, than for the
conventional Li-ion batteries (1400 Wh L-1 and 160 Wh kg-1).[13-15] As presented in Figure 1(b),
the biggest advantage of metallic Zn over Li, Na, and K is that metallic Zn is relatively stable and
redox reversible in an aqueous medium. Although Mg and Al are also stable in water, their
electrodeposition is not thermodynamically feasible in aqueous electrolytes, so zinc can be directly
used as anode in non-flammable and low-cost aqueous electrolyte. Directly employing Zn metal
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as one of the electrodes significantly enhances energy density of zinc based batteries comparing
with Ca2+, Mg2+, and Na+ based batteries. Figure 1(c) illustrates the development of different kinds
of zinc based batteries since 1883. The corresponding electrolyte systems are also labelled, from
which it is easy to conclude that most of the zinc-air battery electrolytes are mainly alkaline; while
zinc-ion battery electrolytes could work from alkaline to near neutral and acidic condition. Table
1 compares the electrochemical performances, cost of different zinc based batteries and other
commercial available energy storage systems. Compared with the currently dominant lead-acid
and lithium ion batteries, zinc based batteries feature extremely low cost, high environmental and
human friendliness and excellent electrochemical performances. Although primary Zn-MnO2
alkaline batteries and Zn-Air/Ni/Ag batteries were already commercialized, the commercial
application of metallic Zn anode in secondary batteries was more and more hindered by the low
plating/stripping efficiency and the growth of zinc dendrites happened on the zinc anode side
instead of the other parts of the battery.
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Figure 1. (a) Ragone plot of energy storage systems in aqueous electrolyte system with different
energy carriers; reproduced with permission from Ref.[9] Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (b) Zinc property regimes: compared with other metals, Zn shows
balanced kinetics, high stability, and good reversibility in aqueous electrolyte.[16] (c) Timeline of
the development history of different kinds of zinc-based batteries. The corresponding electrolytes
used in the batteries are also indicated. “PBA” is the Prussian blue analogue. Reproduced with
permission from Ref.[16] Copyright 2019 from Elsevier Ltd..
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Table 1. Comparison of some technically mature energy storage systems.[5, 17-28]
Zn-Ni
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-
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-
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-

-

-
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(C/15)
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Cost ($/kWh)

303-500

200

-

-

10-400

Cost
(c/kWh/cycle)

70

5

40

-

3-5

Efficiency
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Coulombic
Efficiency (%)
Wh/kg
W/kg
Cycle Life

7590
5070
3050
75300
2001500
mindays
200700
20107

3002500
mindays
4001500
20-115

400
90

mindays
5002500
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The plating/stripping efficiency is defined using the percentage of the theoretical capacity of the
zinc mass that is actually used when the electrode is fully discharged. State-of-the-art zinc
plating/stripping efficiency only reaches 70%.[10, 29, 30] Notably, the stripping efficiency of zinc
could be characterized using the depth of discharge (DOD). Improving the striping/plating
efficiency therefore has great meaning for further reducing the cost of zinc based batteries while
comprehensively boosting their electrochemical performance.[31, 32] The formation of sharp,
needle-like zinc dendrites increases the risk of piercing the separator, causing an electrical shortcircuit and catastrophic failure of the battery. The breakage of the dendrites (“dead zinc”) would
also decrease the amount of zinc that participates in the electrochemical process, and diminish the
plating/stripping efficiency. Moreover, although zinc is more stable than Li/Na in an aqueous
system, it will react with water spontaneously to generate hydrogen gas, further decrease the
plating/stripping efficiency. Therefore, there is still an urgent need to build a successful,
electrically rechargeable zinc anode, which should have a high proportion of utilizable active
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material, be capable of high-efficiency recharging, and sustain its capacity over long time periods
and several hundred charge and discharge cycles without dendrites piercing. To fulfil the goal of
building better Zn electrodes, it is necessary to further design the Zn anodes with high zinc
utilization efficiency [ZnDOD>50%], capable of operating with deep discharge and recharging with
high Coulombic efficiency (>400 cycles with >80% efficiency) without dendrites piercing under
practical operating conditions.
Comparing with extensively released reviews on catalysts for the zinc-air battery,[15, 33-38]
electrode materials for the zinc-ion battery,[39-42] only a few papers briefly summarized some
performance improvement strategies for zinc anode as an auxiliary part in a specific energy storage
system.[10, 31, 43-48] For example, Zhang et al.[13] yielded a review on zinc electrode protection
in alkaline electrolyte-based zinc-air batteries. Blazquez et al.[28] reviewed electrolyte systems
for rechargeable zinc based batteries, which partially discussed the effect of electrolyte on zinc
anode protection. Previous reviews reviews on zinc anode protection are too concise and lack of
some important strategies.[49, 50] There is still lack of a specific and comprehensive review that
summarizes zinc protection in full pH range aqueous electrolyte-based zinc-based energy storage
system.
Since one of the irreplaceable merits of zinc based battery is the capability of using low-cost,
non-flammable, and green aqueous electrolyte; we focus on summarizing protection strategies for
zinc electrode in aqueous electrolyte. Henceforth, this review will provide a comprehensive
description of both the mechanisms and the state-of-the-art progress on zinc electrode protection
in full pH range aqueous electrolytes. It is very much hoped that this in-depth and inspiring review
will aid researchers in catching up on and carrying out impactful research on performance
optimization of electrically rechargeable aqueous electrolyte-based zinc batteries, and effectively
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promote commercialization of this low-cost, high-performance, and environmentally friendly
energy storage system in the near future.
2. Problems of Zinc Anode and the Corresponding Mechanisms
It is well known that the electrolyte governs the electrochemistry of an energy storage system,
and the problems associated with the zinc electrode are also highly correlated with the electrolyte,
or in other words as a function of the solute and pH value of electrolyte. As depicted in Figure
2(a-b), corrosion, dissolution, and shape change take place over the whole pH range and severely
degrade the stripping/plating efficiency of zinc anode, while the formation of dendrites and surface
passivation of zinc are extra two problems in near neutral to alkaline solution. In the alkaline
electrolyte, all the possible reactions are illustrated by the current-potential curves shown in Figure
2(c). Zinc corrosion (hydrogen evolution) and zinc dissolution encounters near the open circuit
potential. The open circuit potential is a mixed value affected by these two reactions. The potential
value at which the rate of corrosion equals that of dissolution is called the zinc corrosion potential
(u0); the current value where zinc dissolution equals zinc deposition is defined as the exchange
current (i0). Due to the existence of these reactions, the practical energy density is always very
much lower than the theoretical value. The theoretical specific energy for Ni-Zn is 372 Wh kg–1,
whereas a practical Ni–Zn battery delivers up to 135 Wh kg–1 (~300Wh L–1 on a volumetric basis)
depending on the ZnDOD. As demonstrated in Figure 2(d), contrasting the specific energy for a fully
packaged Ni–Zn cell as a function of increasing ZnDOD with those for lead-acid, nickel-cadmium,
and nickel-metal hydride cells shows that the performance of Ni–Zn is comparable or even better
for modest utilization of the Zn electrode (corresponding with 10 to 20% ZnDOD). Deeper discharge
depths are required (ZnDOD ≥ 40%) to bring Ni-Zn cell to a specific energy that becomes
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competitive with common Li-ion batteries at the primary cell level. Therefore, side reactions on
zinc anode severely reduce the overall performance of a zinc-based battery, while zinc anode
protection is of great significance for developing high-performance zinc-based energy storage
systems. The possible reactions of zinc in aqueous electrolyte and the relevant mechanisms behind
the side reactions will be discussed in the following part.

Figure 2. (a) Schematic illustration of possible reactions associated with zinc electrode in aqueous
solution. (b) Problems associated with zinc contact with aqueous electrolyte as a function of the
aqueous electrolyte's pH value. (c) Qualitative illustration of the individual current-potential
relationship for the hydrogen reaction and the zinc dissolution/deposition reaction. (d) The
calculated specific energy of a fully packaged Ni-Zn cell as a function of increasing Zn depth of
discharge versus a capacity matched NiOOH electrode. The shaded areas highlight the specific
energy ranges of common battery chemistries. For example, at DOD above 40% of Zn (percentage
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of theoretical utilization), Ni-Zn becomes competitive with Li-ion at the single-cell level.
Reproduced with permission from Ref.[1] Copyright 2017 from American Association for the
Advancement of Science.

2.1 Dissolution/deposition of zinc
In the secondary zinc-based battery, the striping/plating process is actually reversible, with
electrochemical reactions taking place on the zinc anode during discharging/charging. As
displayed in Figure 3(a), electrical stripping during discharging is referred as the zinc dissolution
in electrolyte, or zinc transformed to zinc ions or zincate ions after losing two electrons. The lost
electrons may competitively combine with protons to form hydrogen, referred as zinc corrosion or
simply as Equation (1), which leads to severe deterioration in the Faraday efficiency of zinc
dissolution. In the acidic condition, there is no passivation layer to hind the dissolution process, as
dissolution Mode (i) elaborated in Figure 3(b). Detailed mechanism of Zn dissolution in acidic
condition proceeds according to Equation (2-3).[51-54] The rate determining step is Equation (2).
However, Zn+1 is not stable and there is no such compound reported in the literature. Zn2+ ion is
then hydrated by 10-12 H2O molecules around each Zn2+ cation, and the dynamic radius of the
hydrated Zn2+ is around 0.74–0.83 nm.
𝑍𝑛 + 2𝐻 + ↔ 𝑍𝑛2+ + 𝐻2 ↑
𝑍𝑛 − 𝑒 − → 𝑍𝑛+
𝑍𝑛+ − 𝑒 − → 𝑍𝑛2+

(1)

(2)
(3)
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𝑍𝑛 + 2𝐻2 𝑂 ↔ 𝑍𝑛(𝑂𝐻)2 + 𝐻2 ↑ (4)
In neutral and alkaline electrolyte, however, besides the inevitable hydrogen evolution reaction
[Equation (4)], the species of dissolved zinc is also affected by properties of passivation layer
[Figure 3(b)]. With porous passivation layer, zinc dissolves in the same manner as the situation in
acidic condition. After the formation of a compact passivating layer, zinc will form Zn(OH)2 layer
in the inner passivation layer while Zn(OH)2 will continuously dissolve into the electrolyte at the
outer layer. Moreover, dissolution of zinc is highly related to the pH value of the aqueous
electrolyte, as demonstrated in the Pourbaix diagram [Figure 3(c)], which could be used to
determine the thermodynamically stable species at a given potential and pH value. Nevertheless,
the Pourbaix diagram does not provide any information about the kinetics of the reaction processes,
which is quite important for the electrochemical performance of the battery.
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Figure 3. (a) Schematic illustration of the zinc dissolution process in aqueous solution. (b) Three
zinc dissolution modes for zinc electrode in aqueous electrolyte. (c) Pourbaix diagram of Zn in
aqueous solution.

However, the elaborate dissolution mechanism of zinc in neutral and alkaline electrolyte is pretty
complex because it involves both oxidation and precipitation process. Cachet et al.[55-57]
proposed the zinc dissolution process as adsorption of four OH- ions directly, without a series of
reactions, as presented in Equations (5-6), in which Zn* is the monovalent intermediate [ZnOH or
𝑍𝑛(𝑂𝐻)−
2 ]:
𝑍𝑛 + 𝑂𝐻 − ↔ 𝑍𝑛 ∗ +𝑒 −

(5)

−
𝑍𝑛 ∗ +3𝑂𝐻 − ↔ 𝑍𝑛(𝑂𝐻)2−
4 +𝑒

(6)

In contrast, Bockris et al.[58-60] described the dissolution process as a step by step process
[Equation (7-10)] and argued that this process is related to the concentration of zincate ions:
𝑍𝑛 + 𝑂𝐻 − ↔ 𝑍𝑛OH + 𝑒 −
𝑍𝑛𝑂𝐻 + 𝑂𝐻 − ↔ 𝑍𝑛(𝑂𝐻)−
2

(7)
(8)

−
−
−
𝑍𝑛(𝑂𝐻)−
2 +𝑂𝐻 ↔ 𝑍𝑛(𝑂𝐻)3 + 𝑒

2−
−
𝑍𝑛(𝑂𝐻)−
3 + 𝑂𝐻 ↔ 𝑍𝑛(𝑂𝐻)4

(9)
(10)

As shown by Equation (11-14), Dirkse et al.[61-64] proposed a different mechanism unaffected
by the zincate ions concentration to explain why zinc electrodes with different crystallographic
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orientations and morphologies show disparate dissolution. In this mechanism, the OH- ions would
stabilize the adsorbed atoms.
𝑍𝑛 + 𝑂𝐻 − ↔ 𝑍𝑛(𝑂𝐻)−
𝑍𝑛(𝑂𝐻)− → 𝑍𝑛𝑂𝐻 + 𝑒 −

(11)
(12)

𝑍𝑛(𝑂𝐻) + 𝑂𝐻 − ↔ 𝑍𝑛(𝑂𝐻)2 + 𝑒 −
𝑍𝑛(𝑂𝐻)2 + 2𝑂𝐻 − ↔ 𝑍𝑛(𝑂𝐻)2−
4

(13)
(14)

In 1976, Sharma et al.[65] investigated the zinc dissolution process using Raman spectroscopy.
They found that both OH- and H2O could serve as ligands in Zn(OH)2 [Equations (15-17)].
𝑍𝑛(𝑂𝐻)2 + 2𝑂𝐻 − → 𝑍𝑛(𝑂𝐻)2−
4

(15)

𝑍𝑛(𝑂𝐻)2 + 𝐻2 𝑂 + 𝑂𝐻 − → 𝑍𝑛(𝑂𝐻)3 (𝐻2 𝑂) −
𝑍𝑛(𝑂𝐻)2 + 2𝐻2 𝑂 → 𝑍𝑛(𝑂𝐻)2 (𝐻2 𝑂)2

(16)

(17)

Besides the hydrated anions mentioned above, the presence of 𝑍𝑛(𝑂𝐻)(𝐻2 𝑂)+
3 is also
possible.[59] Both Sharma’s and Dirkse’s theories could explain the slight dissolution rate change
as the KOH concentration increases from 7 to 12 M by the lack of water molecules to produce
hydrated OH- ions, which limits the reaction rate of Equation (15). Rossmeisl et al.[66]
investigated and compared the dissolution of bulk zinc in alkaline solution using the most stable
(0001) zinc surface as a model with a kinked surface model. The results proved that the zinc atoms
dissolution started from the kinks. This model proved the important effect of surface states on the
dissolution of zinc anode. Although the zinc dissolution mechanism is complex and controversial,
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there is a consensus that the most stable product of zinc dissolution in alkaline solution should be
zincate with Zn2+ as the cation centre.[67]
Compared with the complex and unclear zinc dissolution procedure, the deposition mechanism
of zinc is quite clear and displayed in Equations (18-19).
𝑍𝑛2+ + 2𝑒 − → 𝑍𝑛

(18)

−
−
𝑍𝑛(𝑂𝐻)2−
4 + 2𝑒 → 𝑍𝑛 + 4𝑂𝐻

(19)

Figure 4. (a) Typical dissolution and deposition voltammograms of zinc in neutral and alkaline
electrolyte. (b) Cathodic voltammetric curve for electrodeposition of zinc. Reproduced with
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permission from Ref.[68] Copyright 2006 from Springer Science Business Media Inc.. (c) The
growth mechanisms of zinc electrodeposition: the relationships among overpotentials, impurities
and electrolyte additives and the crystallographic growth of the zinc electrodeposits. Reproduced
with permission from Ref.[69] Copyright 2018 from Elsevier Ltd.. (d) Solution conductivity,
solubility of ZnO, and exchange current of Zn/Zn2+ in KOH solutions with different
concentrations. Reproduced with permission from Ref.[10] Copyright 2016 from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
The linear sweep voltammetry curve of zinc dissolution/deposition is schematically presented in
Figure 4(a), while typical zinc electrodeposition can take place in three regions [Figure 4(b)]. In
region I, the initial zinc deposition rate is usually slow and under charge transfer control. In region
II, the current density increases before decreasing dramatically at more negative electrode
potentials, implying that the kinetics of deposition changes to diffusion control. A sharp increase
in current density is obtained in region III, associated with an apparent side reaction—the hydrogen
evolution reaction (HER). In Figure 4(a), the forward and reverse scans form a nucleation loop
between the cathodic and anodic peaks, which has been ascribed to the nucleation process,
requiring an activation energy provided by the overpotential between zinc dissolution and
deposition. During the zinc deposition/plating process, the competition between growth and
nucleation determines the morphology and properties of the electrodeposit. Generally, the higher
the nucleation rate, the finer the crystal grains of the deposit. Therefore it is possible to determine
the morphology and structure of the electrodeposits via nucleation loop (or overpotential) control
via control of various parameters, as illustrated in Figure 4(c). This offers a theory base for
suppressing of zinc dendrites.
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During the stripping/plating of zinc electrode, a shape change, such as formation of dendrites
will inevitably occur because of mass transfer.[13, 42, 48, 70] In neutral and alkaline electrolyte,
with the saturation of zincate ions in the electrolyte, a non-conductive ZnO or Zn(OH)2 layer would
be passivated on the surface of the zinc electrode [Equation (20-21)]. The nonconductive property
of ZnO/Zn(OH)2 will increase the internal resistance of the battery, which naturally leads to
voltage losses during discharging and voltage increases during charging (or low voltage
efficiency). As mentioned above, the properties of the passivation film also have a big impact on
further dissolution of zinc [Figure 3(b)]. As for the alkaline electrolyte, the solubility of ZnO and
Zn(OH)2 is also strongly correlated with the concentration of KOH, as shown in Figure 4(d). With
increasing KOH concentration, the solubility of ZnO soars, but the conductivity of the electrolyte
increases then decreases. It is obvious that 6 M KOH solution offers both maximum conductivity
and a reasonable ability to supress passivation.
−
𝑍𝑛(𝑂𝐻)2−
4 ↔ 𝑍𝑛𝑂 + 𝐻2 𝑂 + 2𝑂𝐻

𝑍𝑛2+ + 2𝑂𝐻 − ↔ 𝑍𝑛(𝑂𝐻)2

(20)

(21)

2.2 Side effect 1--Corrosion of zinc
As mentioned above, one of the most significant merits of zinc-based batteries is the
compatibility to use low-cost and incombustible aqueous electrolyte. Zinc metal would be
inevitably corroded by water, however, via a hydrogen evolution reaction (HER) due to its more
negative reduction potential than hydrogen (-0.76 V in acid and -1.29 V in alkaline solutions),
leading to simultaneous depletion of zinc electrode and solvent in the electrolyte. When zinc is
exposed to the aqueous electrolyte, the HER reaction could compete or pair with the zinc
electrodeposition/dissolution process to form a local net reaction.[71] Therefore the HER on the
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Zn metal surface severely deteriorates the stripping/plating efficiency of the Zn, and decreases the
cycle life of the Zn metal, finally causing low utilization of the zinc-electrode and unsatisfactory
electrochemical performance.[43, 72, 73] This problem is especially serious in the acidic
electrolyte system. Moreover, the formation of hydrogen bubbles would also increase the internal
resistance and cause electrolyte convection and a non-uniform electric field/electrolyte
distribution.
Although the corrosion of zinc by aqueous electrolyte is thermally favourable, Zn corrosion is a
cathodic controlled process, so the rate of the cathodic hydrogen evolution limits the Zn corrosion
rate.[74] The overpotential of zinc corrosion (ηcorr) is thereby highly related to the different
hydrogen formation processes involved in aqueous electrolytes with different pH ranges.
Generally, the reaction path of the HER is classically based on a discharge reaction (Volmer step,
𝐻 + + 𝑒 − → 𝐻ads ) followed by either a recombination reaction (Tafel step, 𝐻𝑎𝑑𝑠 +𝐻𝑎𝑑𝑠 → 𝐻2 )
and/or an electrochemical desorption reaction (Heyrovsky step, 𝐻𝑎𝑑𝑠 + 𝐻 + + 𝑒 − → 𝐻2 ).[75, 76]
The HER on pure zinc has been well investigated mainly in acid solutions because of its relevance
to corrosion problems.[77, 78] In the acidic electrolyte, zinc is corroded directly in the way of
Zn − 2𝑒 − → 𝑍𝑛2+ , while the rate determining step is the Volmer Process, although the
overpotential of hydrogen production is controlled by the proton diffusion process. The water
reduction is controlled by the recombination of adsorbed hydrogen atoms (Tafel Process) within
neutral or alkaline electrolyte. Drazic et al.[79] experimentally investigated the HER mechanism
using Al electrode in the pH range of 5–8, in which H2 bubbles evolve by the discharge of H3O+
ions formed by the dissociation of water, which acts as the rate-determining step. The water
splitting appears to be catalysed by the surface film formed spontaneously from the contact of Al
with the aqueous solution. Similar like the situation on Al metal, Vojnovic et al.[80] proposed that
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the production of hydrogen for Zn metal could also be catalysed by the formation of a surface zinc
oxide film in neutral and weakly alkaline solutions. Trisovic et al.[80] identified the HER process
of zinc in 1 M Na2SO4 solution (pH4.4-10) as Equations (22-24) in low overpotential range. In
the full pH range, the HER takes place at metallic Zn sites through the parallel Volmer-Heyrovsky
route [Equation (25-26)] as the dominant route with more negative potentials.
Zn − OH + 𝐻2 𝑂 + 𝑒 − ↔ 𝑍𝑛 − 𝑂𝐻2 + 𝑂𝐻 − (22)
Zn − OH2 + 𝑒 − ↔ 𝑍𝑛 − 𝐻 + 𝑂𝐻 −
Zn − H + 𝐻2 𝑂 ↔ 𝑍𝑛 − 𝑂𝐻 + 𝐻2

(23)
(24)

Zn + 𝐻2 𝑂 + 𝑒 − ↔ 𝑍𝑛 − 𝐻𝑎𝑑𝑠 + 𝑂𝐻 −

(25)

𝑍𝑛 − 𝐻𝑎𝑑𝑠 + 𝐻2 𝑂 + 𝑒 − ↔ 𝑍𝑛 + 𝑂𝐻 − + 𝐻2

(26)

Accompanying with the zinc dissolution process, the corrosion kinetics of zinc electrode in
aqueous electrolyte is also related to the surface states after the initial corrosion stage. Similar to
the zinc dissolution situation presented in Figure 3(b), zinc electrode corrosion also proceeds in
three different modes: (i) With no passivation layer, such as the situation in acidic electrolyte, the
HER will take place continuously. (ii) In neutral and alkaline electrolyte, however, a porous
passivating film will form after the initial corrosion stage, which offers almost no protective effect
against zinc corrosion. On the contrary, if a compact oxide film is formed, although indirect
dissolution through the compact passivating film still occurs [Mode (iii)], the zinc corrosion would
be significantly slowed down. A corrosion process may involve one, two, or all the above three
modes and can change with time. The properties of the passivation layer are related to the
electrolyte, as mentioned above. Laska et al.[81] proved that in a low concentration of NaHCO3 (1
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mM) neutral 0.1 M NaCl electrolyte, a porous passivation film will be formed, while raising the
concentration of NaHCO3 to 10 mM leads to a dense and less corrosive layer. Hence an increased
concentration of HCO3- could reduce the corrosion of the electrode, as indicated by decreased
dissolution current density [Figure 5]. Hence the HCO3- could also be seen as an effective additive
in neutral electrolyte. More details will be discussed in the additive strategy. In more concentrated
alkaline solution (7-9 M), however, hydrogen reduction will be promoted by the alkali metal
cations, such as Na+, which acts as an electron bridge.[80]

Figure 5. Scanning electron microscope (SEM) images (cross sections) of precipitation layers
after pre-corrosion for 1000 s in 0.1 M NaCl followed by 3600 s corrosion in (a) 1 mM NaHCO3
+ 0.1 M NaCl and (b) 10 mM NaHCO3 + 0.1 M NaCl. Dissolution profiles in (c) 1 mM + 0.1 M
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NaCl and (d) 10 mM NaHCO3 + 0.1 M NaCl after 1000 s pre-corrosion in 0.1 M NaCl. Reproduced
with permission from Ref.[81] Copyright 2015 from Elsevier Ltd..

2.3 Side effect 2--Zinc passivation
As mentioned above, the passivation of ZnO or Zn(OH)2 on the zinc electrode takes place in
neutral or alkaline electrolyte, by a simple and clear mechanism. When the dissolution of zinc
induces a saturation of the hydroxide or salt in the electrolyte close to electrode, the ZnO/Zn(OH)2
will precipitate out from saturated zincate ions. The precipitation and formation of a less active
layer to prevent further dissolution and corrosion of zinc are therefore promoted. The passivation
film usually consists of an external porous layer made from zincate deposition and an inner, dense
Zn(OH)2 layer. The inner layer would act as a diffusion barrier to OH- ions. Therefore, the
passivation film decreases the overall conductivity and electrochemical performance of the zincbased battery. In particular, as shown by Figure 4(d), the solubility of ZnO increases with the
concentration of OH- ions, so the energy and power density of zinc based battery would increase
with pH increase because of the inhibition of passivation.[82] Although a high concentration of
OH- could prevent the formation of a passivation layer, this will increase the cost while decreasing
the electrolyte conductivity and the Zn/Zn2+ exchange current.
2.4 Side effect 3-- Shape change and formation of dendrites
The shape of zinc anode would change with the convection in the electrolyte or an uneven
corrosion/dissolution/deposition process.[83] The detailed mechanism for shape change has not
been well established yet, but some factors would contribute to this process: (a) Non-uniformity
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of the local potential and current distribution on the zinc surface; (b) Convection and the gravity
effect of the electrolyte; and (c) Edges and non-uniform surface states of the zinc electrode.[82,
84-86] Among all the possible shape changes [Figure 6], such as mossy, layered, boulder, heavy
spongy and dendrite, the sharp end of the initial small dendrite tip on the traditional planar zinc
electrode could serve as a charge centre in the electric field for continuous accumulation of
charges, thus amplifying further growth of zinc dendrites via continuing deposition on those sharp
ends, finally piercing the membrane, leading to a catastrophic battery failure.[44, 47] Moreover,
since Zn metal has a much higher Young’s modulus (E) than the alkali metals of contemporary
interest as battery anodes (EZn ≈ 108 GPa; ELi ≈ 5 GPa; ENa ≈ 10 GPa); Zn dendrites are much
more easily to cause dead Zn and puncture the insulating membrane than Li or Na.[87] The zinc
dendrites problem mainly happens in alkaline electrolyte because zinc has high electrochemical
activity and is not thermodynamically stable in alkaline media. Experimental results also
demonstrated that the fast zinc deposition caused by high current density, the relatively low surface
area of zinc-based electrodes, and the difficulty of mass transfer in electrolytes, would promote
formation of dendrites.[44]
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Figure 6. Morphologies of zinc electrodeposition: (a) filamentous mossy; (b) layer like; (c)
boulder; (d) heavy spongy; and (e) dendrites on electrode surface via electrodeposition in alkaline
electrolytes. Reproduced with permission from Ref.[88] Copyright 2006 from Electrochemical
Society, Inc..

To explain the grow process of metal dendrites, the theory of activation-controlled dendrite
propagation was first investigated by Barton and Bockris using electrodeposition of silver in
1962.[89] Diggle et al.[90] then employed this model to explain the formation of zinc dendrites
from an alkaline zincate solution. The activation-controlled model typically analyses the
overpotentials at the dendrite tip (or dendrite growth overpotential) and correlates them with the
tip current density (or growth rate) [Figure 7]. The dendrite growth overpotential is composed of
the activation overpotential (ηa), the concentration overpotential (ηc), the ohmic overpotential (ηΩ),
and the surface overpotential (ηs) due to the radius of curvature of a dendrite tip. Defects, bulges,
and edges will increase the surface energy of a zinc electrode, and then the zincate ions would be
prone to deposit at these places to form a dendrite tip; this process is defined as the activation or
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initial stage. On this dendrite tip, ηc, ηΩ and ηs are all negligible. Therefore the activation
overpotential (ηa) is the determining factor at this stage. In the following process of dendrite
growth, the zinc dendrite gradually protrudes out. Then the surface overpotential (ηs) surges
because of sharpening of the zinc dendrite; the concentration overpotential (ηc) would also soar
because of the formation of a concentration gradient near zinc electrode; and the ohmic
overpotential (ηΩ) also increases due to surface passivation. The morphology of the deposited zinc
is activation (ηa) process controlled while the dendrite growth is mainly controlled by zincate ion
diffusion (ηc). This theory was proved by simulation of the dendrite growth process via a phase
field model.[47]
In summary, the negative effects of zinc electrode in aqueous electrolyte are listed in Table 2.
Table 2. Zinc anode limitations in an aqueous electrolyte system and the negative effect on
secondary zinc anode.

Zn Anode Limitations

Corrosion

Passivation
Shape change and dendrites
formation

Negative Effects on Anode
Performance
Reduction of charge retention
and utilization efficiency;
Depletion of zinc, negative
effect on electrolyte
gas formation
Reduced capacity; Electrolyte
depletion; Porosity reduction;
Conductivity loss
Reduced zinc stability;
Battery failure; Capacity
reduction

Reference

Condition

[91]

Full pH range

[92, 93]

Neutral or alkaline
electrolyte

[94-96]

Shape change happens in
full pH range; Dendrites
growth in neutral or
alkaline electrolyte
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Figure 7. Schematic of zinc dendrite formation in alkaline electrolyte. From left to right, the panels
refer to the initial stage, the dendrite tip formation stage, and the dendrite growth stage.

Figure 8. Strategies for zinc protection in the zinc-based batteries.

3.

Strategy towards Zinc Electrode Protection
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The problems of zinc electrode in aqueous electrolyte, including corrosion, passivation and the
shape change and dendrites, normally lead to severe capacity fading, low Coulombic efficiency
and limited practical applications in zinc-based batteries. The protection of zinc electrode in
aqueous electrolyte is therefore of great importance for achieving long cycle life, high reversibility
and high stripping/plating efficiency in zinc based energy storage system. As depicted in Figure
8, the following part summarizes the strategies used for zinc protection in the sequence of “Intrinsic
Zinc Engineering”, “Surface Engineering”, “Electrolyte Engineering” and “Other Strategies”.
3.1 Intrinsic Zinc Engineering
Although more stable than Mg, Al, Li and Na metal, zinc is still thermodynamically instable in
aqueous electrolyte. The tuning of intrinsic compositions and morphology is quite effective,
however, to adjust the stability of zinc electrode.
3.1.1 Composition Engineering
(1) Alloying
In 2014, Korobov et al.[97] systematically investigated the influence of different ZnFe/Co/Ni/Sn alloys on anodic behaviour in alkaline solution. They reached the following
conclusions: (i) For a low amount alloyed zinc (or doped zinc) possessing a similar chemical
composition and crystal structure with pure zinc, the passivation and open circuit voltage shift
towards more positive values because of the decreased partial Gibbs free energies of the alloy,
while the current density for zinc dissolution will be decreased as a result of denser atomic
arrangements. For an ideal alloy, the difference (Δj) between the equilibrium potential of the jth
component within the alloy and the corresponding potential of the pure jth component can be
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expressed by Equation (27), in which Nj, nj, R, T, and F represents the atomic fraction of the jth
component, amount of the jth component, the gas constant, the temperature, and the Faraday
constant, respectively. Since Nj is below 1, Δj should be positive, implying that the partial
potentials of the alloy components are always more positive than the corresponding values for the
free metals. This means that metals in alloys will undergo oxidation at more positive potentials.
(ii) The formation of intermetallic phases causes significant positive shift of the corrosion potential
and decreased current density compared with pure zinc due to the bond strengthening in the
intermetallic phase. (iii) The anodic polarization of solid solutions and intermetallic phases of zinc
alloys proceeds via the same stages of Zn dissolution and passivation as for pure zinc. Alloying
leads to a change in the thermodynamic and kinetic parameters of the anodic processes. There is a
certain correlation between the phase composition of the studied alloys and their electrochemical
behaviour in alkaline media.
𝑅𝑇

Δ𝑗 = − 𝑛 𝐹 × ln(𝑁𝑗 )
𝑗

(27)

As the zinc corrosion is a cathodic reaction (HER) controlled process, alloying of Zn metal with
metals

that

have

a

higher

hydrogen

evolution

reaction

overpotential

(Zn<Cr<Fe<In<Co<Ni<Sn<Pb<Sb<Bi<Cu<W<Hg) than zinc typically could improve the
corrosion resistance of zinc alloy. Moreover, due to the anodic protection effect, the alloying of
these low-active metals also improves the dissolution and electrochemical activation of zinc metal
in aqueous electrolyte. Typical examples are binary alloys: Zn-Cr[98], Zn-Ni[74, 99-101], ZnHg[102], Zn-Bi[100, 103], Zn-Cu[104, 105], Zn-Pb[106], Zn-Fe[107], Zn-Cd[108], Zn-Sn[109,
110], Zn-Mn[111] etc.. Controversy still exists, however, for example, Sato et al. and Li et al.
found that indium metal deposited on Zn will suppress hydrogen evolution because of its large
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overpotential than zinc.[112, 113] Liang et al.[114] reported, however, that indium addition (0.010.50 wt.%) makes the corrosion potential of Zn decrease, and the corrosion current increase
because the addition of indium shortens the passivation time. In other words, indium is an active
element with respect to the electrochemical performance of zinc alloy electrode in highly
concentrated alkaline electrolyte (8.5 M KOH). These controversial reports are related to the
different test conditions and complex zinc dissolution mechanisms. Table 3 summarizes the
corrosion potential (Ei) of some zinc alloys that have a higher hydrogen evolution overpotential.
Table 3. Corrosion stability of some different zinc alloys.
Time

Corrosion
Potential [V]

1995

-1.431
-1.428
-1.426
-1.427
-1.412
-1.444
-1.445
-1.424
-1.435
-1.421
-1.450
-1.448
-1.426
-1.433
-1.426
-1.450
-1.423
-1.424
-1.427
-1.426

Electrolyte

10M NaOH

10M+15wt.%Sodium Citrate

10M+15wt.%Sodium Citrate+0.3wt.%CaO

10M+15wt.%Sodium
Citrate+0.3wt.%CaO+0.02M
Stannate

Sodium

Zinc Alloy

Reference

Zn
Zn+1.0wt.%Hg
Zn+Mg+Pb
Zn+Mg+Al
Zn+Al+Pb
Zn
Zn+1.0wt.%Hg
Zn+Mg+Pb
Zn+Mg+Al
Zn+Al+Pb
Zn
Zn+1.0wt.%Hg
Zn+Mg+Pb
Zn+Mg+Al
Zn+Al+Pb
Zn
Zn+1.0wt.%Hg
Zn+Mg+Pb
Zn+Mg+Al
Zn+Al+Pb

[115]

[116]

2004

-1.066
-1.050
-1.056
-1.045

0.1 M NaCl+0.1 M NaHCO3

Zn
Zn-Co
Zn-Fe
Zn-Ni

2006

-1.683
-2.009

8.5 M KOH

Zn90Ni5In5
Zn90Ni7.5In2.5

[117]

2006

-1.460
-1.480

6.6 M KOH

Zn
Zn86.6Al13.4

[118]

2006a)

+ 0.150
- 0.572
-0.492
-0.982
-0.214

9 M KOH

Zn-Ag
Zn-Bi
Zn-Cu
Zn-Fe
Zn-Ni

[119]
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-1.100

a)

Zn-Sn

2010

-1.577
-1.581

7M KOH

Zn
Zn-0.5Ni

[74]

2012

-1.427

1 M KOH

Zn-10Ni

[99]

2012

-1.390
-1.285

3 M KOH

Zn
Zn-0.64%In

[113]

2015

-1.405
-1.400
-1.396
-1.395
-1.403

7 M KOH

Zn-0.01Ni
Zn-0.05Ni
Zn-0.05Bi
Zn-0.1Bi
Zn

[100]

2017

-1.408
-1.385

7 M KOH

Zn
Zn-2wt.%Bi

[103]

2018

-1.490
-1.430
-1.360

0.5 M Na2SO4

Zn
Zn-3.6%Cr
Zn-10.4%Cr

[98]

2018

-1.482
-1.442
-1.470
-1.471
-1.445
-1.475

8.5 M KOH

Zn
Zn-0.02wt.%Mg
Zn-0.46wt.%Mg
Zn-1.34wt.%Mg
Zn-3.60wt.%Mg
Zn-5.28wt.%Mg

[120]

The corrosion potential is corresponding with the Hg/HgO electrode. The sample was prepared via electrodeposition of zinc
onto the corresponding metal substrate.

More interestingly, alloying with a metal more active than Zn, such as Mg and Al, also improves
the stability of zinc alloy in aqueous solution due to several different mechanisms:[118, 120-126]
(a) The formation of a protective corrosion layer. The alloy containing 3 wt.% Mg showed nanostructure and possessed better corrosion resistance than pure Zn in 3.5 wt.% NaCl solution. The
improved corrosion stability of Zn-Mg alloys is connected to the presence of an Mg-based film
adjacent to the metal surface, which ensures stable passivation in a chloride environment and limits
the side reactions.[125] Lanthanum (La) is also active towards water, so small amounts of La
addition could suppress the corrosion and dendrite growth of zinc because the alloy could form a
protective layer easily [La2O3/La(OH)3] to prevent zinc discharge products from further corrosion
in the alkaline solution.[127] Lan et al.[118] investigated Zn100−xAlx alloy (x= 13.4, 33 and 41
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at.%, respectively) for application as anode material in alkaline based zinc-air batteries. Their
results showed that the Zn-Al alloys were composed of Zn-rich and Al-rich phases. The Al-rich
phase was found to preferentially react with KOH because of the anodic protection effect. With
depletion of Al, porosity or channels were gradually generated, which decreased the anodic
passivation by the inward flow of electrolyte. Therefore the addition of the Al resulted in not only
a higher specific capacity but also in a lighter electrode weight, and therefore an improved specific
capacity via anodic protection and formation of a Al containing passivation layer. Rosalbino’s
results proved that with prolonged exposure time to a neutral 0.1 M Na2SO4 solution, the corrosion
potential of Zn-5%Al alloys tended to increase, which is ascribed to the growth of a protective
alumina corrosion product layer at the surface of electrodes.[121] Besides binary alloys, ternary
or multi-component Zn alloys[115, 117, 128-130], such as Zn-Ni-In[117] and Zn-Mg-Al[129, 130]
were also reported to be effective for zinc alloy protection by similar mechanisms.
(b) It is common that the phase composition and microstructures are effectively modified by
alloying Zn with different metal elements.[116, 121, 124, 125, 130] Besides the example reported
for ternary Zn-Mg-Al,[119] Nusen et al.[120] investigated the electrochemical behaviour of binary
Zn-Mg alloys in KOH solution. Due to the relatively higher hydrogen overpotential and uniform
corrosion behaviour in KOH solution, the eutectic alloy with 3.60 wt.% Mg can be used as an
alternative anode to pure zinc in alkaline electrolyte. The enhancement of the stability is related to
the formation of a new phase with higher HER overpotential. Wint et al.[130] also ascribed the
enhancement of corrosion resistance in Zn-Al-Mg alloy to the modified microstructure and the
formation of eutectic phases with high corrosion overpotential in 0.17 M NaCl solution. Besides
phase composition, the zinc alloy grain size also plays an important role in the intergranular
corrosion behaviour of zinc alloys fabricated by traditional melt-casting method.[131] Small grain
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size yields more uniform microstructures and eliminates the possibility of uneven distribution of
the electrical field and opportunity for dendrite growth. Thus, zinc alloys could be used to tune the
electrochemical behaviour via grain size adjustment. For example, via the addition of a rare earth
element—Ce, Y, Er, the crystal size of Zn-Al alloy is significantly decreased and the corrosion
resistance is improved, as shown in Figure 9. Lee et al.’s work[117] demonstrated that among ZnNi-In alloys with various compositions produced under different annealing conditions, the
Zn90Ni7.5In2.5 alloy annealed at 500 °C possesses the most negative hydrogen evolution reaction
potential and showed reduced dendrite formation in 8.5 M KOH. The mechanism behind this
phenomenon is also ascribed to the modified microstructures.
To reach a brief conclusion, the alloying strategy could effectively prevent zinc anode corrosion
by water via alloying with high HER overpotential (or the “inactive”) metal element, the formation
of a protective corrosion layer, and microstructure/phase composition engineering. There is still a
lack of comprehensive experimental works, however, to systematically demonstrate the effects of
different zinc alloys in a particular electrolyte system, which will provide necessary guidance and
a database for zinc alloy anode design. Having considered the environmental effects and costs of
different metals, however; Al, Sn, Fe, Cu, and Ni are the most promising alloying elements.

Figure 9. (a) SEM micrograph of the Zn–5Al alloy. Primary crystals of Zn (light grey part) and
eutectic Zn-Al (dark grey part) are shown; (b) SEM-backscattered electron (BSE) micrograph of
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Zn–5Al–1Ce alloy. Primary crystals (with mean mass content Al 5 wt.%, Zn 80 wt.%, and Ce 15
wt.%) and eutectic structure are shown. (c) Variation of the corrosion potential, Ecorr, as a function
of exposure time to 0.1 M Na2SO4 solution. Reproduced with permission from Ref.[121]
Copyright 2007 from Elsevier Ltd..

(2) Formation of Composite
The formation of composites with other materials is an important strategy not only to modify
the electrochemical performance, but also for the protection of the zinc electrode. Generally the
composites were fabricated in two ways, in-situ growth/deposition of Zn or ZnO with the second
phase or mixing of the second phase with ZnO/Zn nanoparticles to form a uniform paste, which
was then pasted onto a current collector.
Composite with nonconductive inactive metal oxides such as Bi2O3[132-134], CdO[133], PbO[94,
135], etc. will protect the zinc anode via formation of the inactive alloy element before deposition
of zinc to increase the overpotential of the HER.[46, 136] The effects of different kinds of oxides
in composites with a pasted zinc electrode were investigated by McBreen’s group employing a
zinc-nickel oxide cell.[136] Composites of Bi2O3, Ga2O3, CdO, and HgO with zinc showed almost
no effect on the current distribution of a square electrode. Additions of Tl2O3 and In(OH)3 resulted
in an even current distribution over the electrode area. The notable thing is that the incorporation
of these oxides would decrease the discharge capacity as compared with bare zinc electrodes.[137]
The layered double hydroxides [Zn4Al(OH)10]2(CO3)·nH2O could work as a protective passivating
layer to prevent the corrosion of zinc anode, which was effective for increasing the efficiency of
zinc electro-deposition from 85% to 98% in neutral electrolyte via the elimination of the potential
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drop during the Zn2+ reduction step and avoiding the formation of H2 at the beginning of the
discharging step.[138] Compositing with other alkaline-earth hydroxides or oxides, such as
Ca(OH)2,[134, 135, 139-141] leads to the formation of metal zincates rather than ZnO. A typical
example is calcium zincate [Ca(OH)2.2Zn(OH)2.2H2O], which possesses lower solubility than
ZnO in 3.5 M KOH.[139] The lower solubility of calcium zincate than zincate is beneficial for
suppressing the shape change and dendrite growth, leading to a more negative discharge potential
plateau for the zinc anode. Barium and strontium hydroxides were found to form respectively two
types of solid solutions with zincate, i.e., Ba[Zn(OH)4], Ba2[Zn(OH)6], Sr[Zn(OH)4].H2O, and
Sr2[Zn(OH)6].[70] Magnesium and aluminium hydroxides are also thought to function in a similar
manner to calcium. The drawback of compositing with these non-conductive oxides/hydroxides,
however, is that their poor capacity and low conductivity, which are unfavourable for electron
transfer, will reduce the initial content of zinc active species in the zinc electrode, and thus reducing
the specific energy.[135, 137, 140, 142, 143] To solve this problem, layered double oxides (LDOs,
calcination products of hydroxides) have been proposed as improved materials compare to
composites with hydroxides. The calcination process preserves a larger surface area, a higher
theoretical capacity, and a less diffusion resistance than for the hydroxides.[144] Huang et al.[145]
reported Zn-Al-LDO with improved capacity retention of about 460 mAh g−1 after 1000 cycles.
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The introduction of conductive materials, including carbon based materials, metal nanoparticles,
TiN, Ti4O7 etc. into zinc electrodes will improve the overall electrical conductivity and increase
the availability of electron pathways after discharge, leading to better Zn utilization during
cycling.[45, 146-149] Conductive and porous Ti4O7 could increase the conductivity of the zinc
electrode, retain the soluble zincate species in its volume, and suppress the dissolution of
ZnO.[150] The addition of activated carbon can suppress the formation of inactive basic zinc slats
[such as Zn4SO4(OH)6.nH2O] as a passivation layer. The porous activated carbon can
accommodate the deposition of Zn dendrites and insoluble anodic products. As a result, the cycling
stability of the Zn anode was greatly enhanced by activated carbon modification.[151]

Figure 10. The upper part shows the lattice misfit between graphene and Zn (around 7%),
indicating that the interface formed between graphene and Zn is semi-coherent, and is hence
energy favourable; schematic illustration of epitaxial metal electrodeposition on a stainless steel
and graphene substrate (lower part). Reproduced with permission from Ref.[87] Copyright 2019
from American Association for the Advancement of Science.
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3.1.2 Crystal Engineering
The effects of crystal orientation on the aqueous corrosion of metals have been reported by many
researchers.[152-156] As early as in 1968, Richard et al.[152] investigated the effect of crystal
orientation on passivation of zinc metal in alkaline solution. They compared the corrosion
behaviour of polycrystalline zinc and the different faces of single crystal zinc in 0.5 M NaOH
solution. For hexagonal close-packed zinc, the zinc dissolution overpotential in alkaline solution
-

-

increases with increasing crystal planar packing density, that is, in the order of (1120) > (1010) =
Polycrystalline > (0001). This is because the activation energy for zinc dissolution increases as the
average number of metal bonds per atom on unit surface area increases. The polycrystalline zinc
possesses lower overpotential than the (0001) plane, which has maximum atom packing density.
Therefore, exposing different facets of zinc anode with different atom packing density makes it
possible to tune the electrochemical performance of zinc anode in aqueous solution.
Just recently, Zheng et al.[87] proposed the concept of reversible epitaxial electrodeposition to
improve the reversibility of zinc anode. They employed graphene as a low lattice mismatch
substrate with Zn. The epaxially grown Zn anodes achieved high reversibility (Coulombic
efficiency > 99.7%) over thousands of cycles at moderate and high rates. Just like the situation in
Figure 4(c), with a low overpotential, zinc metal intrinsically shows a strong tendency towards
deposition in platelet-like structures due to the lower thermodynamic free energy of the (0002)
plane in the hexagonal close-packed (hcp) metal. An electrochemically inactive graphene substrate
possesses small lattice mismatch with the Zn(0002) plane [Figure 10], so during the charging process
heteroepitaxial nucleation and growth of zinc anode in a strain-free state were facilitated, leading
to homoepitaxial deposition. During the discharging process, the substrate remains intact while the
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metal is stripped away. Finally, subsequent reversibility of zinc anode could be achieved by
substrate selection, which would control the zinc deposition in a locked crystallographic
orientation by varying the interphase lattice mismatch.
3.1.3 Nanostructure Engineering
Nanostructure engineering offers a novel and exciting opportunity to enhance electrochemical
performance in various battery systems by providing proper architectures or exposed surfaces,
shortening the ion transport paths, and relaxing the strain generated during battery cycling.[95,
146, 157] Moreover, the thickness of the ZnO passivation layer on zinc anode in an ordinary
alkaline electrolyte based Zn-Ni(OH)2 battery is around 2 µm.[147] This means that nanomaterial
design of Zn electrodes is also essential to significantly alleviate the ZnO passivation issue. Also,
nanostructure is effective for improving the electrochemical performance of the Zn anode via
increasing the surface area, which provides more direct contact of the Zn with the electrolyte.
Therefore, nanostructure engineering of Zn is also able to decrease the likelihood of dendrite
formation during charging because zinc deposition can be achieved with a lower current density.
Payer’s[158] experimental work has proved that the initial morphology of zinc anode has a
significant impact on the discharge capacity, but has almost no effect on the energy density,
although certain morphologies definitely will suppress the dendritic growth of zinc anode during
charging and improve the cycle life of zinc based batteries.
(1) Two-dimensional/three-dimensional (2D/3D) structure
As traditional anode forms, Zn foils, plates, sheets, and strips have long been employed as anodes
for zinc based batteries and used for studying zinc deposition from zincate solutions or Zn/ZnO
phase equilibria.[57, 159-161]. Decreasing the thickness of the traditional anode foil into two-
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dimensional (2D) structures via nanoengineering, however, also promotes the electrochemical
performance of zinc anode.[162-164] Yan, Li, et al.[149, 163] grew vertical ZnO/Zn nanoplates
on a conductive carbon substrate, which provided the composites with a long mean free path, and
facile diffusion channels for electron transport, as well as sufficient contact between the nanoplates
and the electrolyte [Figure 11(a)]. The Zn deposition rate in the axial and epitaxial directions was
balanced, and the flexibility of graphene and two-dimensional structure effectively buffered the
associate volume changes of Zn anode. The cycling stability of the corresponding Zn-Ni battery
was therefore improved. Fan et al.[162] also proved that a Zn nanosheet array as an anode
supported by conductive porous graphene foam assured high rate capability and alleviated the
dendrite growth [Figure 11(b-c)]. First-principles calculations and quantitative kinetics analysis
showed that high-rate and stable properties are correlated with the 2D fast ion-migration pathways
and the introduction of intercalation pseudo-capacitance.
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Figure 11. (a) Zn nanosheets electrodeposited on carbon nanotube (CNT) paper; reproduced with
permission from Ref.[163] Copyright 2018 from Royal Society of Chemical. (b) X-ray diffraction
(XRD) pattern of the electrodeposited Zn array, which corresponds to hexagonal Zn (JCPDS #87–
0713). Inset: SEM image showing the Zn flake-array structure; (c) cyclic voltammetry (CV) curve
comparison after 5 cycles of charge/discharge activation at 0.5 C of a zinc ion battery with a zinc
orthovanadate cathode and a Zn array or foil anode (voltage range 0.4–1.5 V, scan speed 0.5
mV·s−1); reproduced with permission from Ref.[162] Copyright 2019 from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (d) Cross-sectional schematic illustration of the dissolution–
precipitation of ZnO in (left) conventional loose powder based electrode and (right) the porous Zn
sponge electrode. Inter-particle connectivity is lost in powder-composite electrodes, leading to
regions of high local current density and dendrite formation. The 3D Zn@ZnO core–shell
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architecture is maintained throughout charge–discharge, leading to high Zn utilization, controlled
ZnO deposition within the void space, and diminished shape change during cycling; reproduced
with permission from Ref.[165] Copyright 2014 from Royal Society of Chemical.

Liu’s group fabricated a pomegranate-structured Zn anode via a bottom-up micro-emulsion
approach.[166] The small size of ZnO nanoparticles solved the issue of passivation; whereas the
secondary pomegranate structure and carbon shell coating mitigated the dissolution problem. Chen
and Minakshi’s [167, 168] work proved that the porous structure not only provided a higher surface
area, but also the better wettability towards aqueous electrolyte than the normal planar structure.
These properties ensured a better contact between the anode surface and the electrolyte, increasing
the cycling stability of zinc anode in aqueous electrolyte. Chamoun et al.[169] synthesised a hyperdendritic nanoporous foam, which showed stable primary anode performance at high Coulombic
efficiency (87.7%) and secondary anode performance beyond 100 cycles at 40 % depth of
discharge (DOD). The superior performance is attributed to the three-dimensional dendritic matrix
on the nanoscale formed by branch growth on secondary dendrites. As displayed in Figure 11(d),
Parker et al.[1, 165, 170, 171] proposed a method to fabricate 3D zinc sponge to meet the
increasing demands for Zn electrodes with high cycling durability, in which the Zn inner core
could effectively limit the formation of separator-piercing dendrites. The high energy cost of the
porous electrodes fabrication, however, and their fast capacity fading at high discharging current
have greatly hindered their development and commercialization as anode material for high rate
secondary zinc batteries.
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Figure 12. Schematic illustrations of the mechanism of the formation of zinc dendrite, Zn(OH)2
and ZnO in the negative electrodes during cycling, zinc plate (a) and the Zn@carbon fibre (CF)
(b). Reproduced with permission from Ref.[172] Copyright 2016 from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

(2) One-dimensional (1D) structure
Besides 2D nanosheets and 3D nanostructures, Zhang et al.[173] fabricated fibre-like zinc using
the spin-casting method as anode for the zinc-air battery. Experimental data indicated that the
fibrous anode had excellent electrochemical reversibility at various discharge rates. The zinc-air
battery powered an electric bicycle and demonstrated good results. Besides pure zinc fibrous
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electrode, there were also reports relating to zinc/zinc oxide grown on conductive, fibrous
substrates to form a pseudo one-dimensional composite structure.[172, 174, 175] Wang et al.[172]
explained the merits of one dimensional structure comparing with the planar structure. As
demonstrated in Figure 12, the mass diffusion for the zinc-coated carbon fibre electrode is even
more efficient than for planar zinc. Also, due to the high surface area of the fibrous-like structure
compared to zinc plate, the zinc deposition is more uniform during the discharge process, resulting
in a rough surface for the zinc plate while eliminating dendrites for the fibrous zinc. The fibrous
anode also has good mechanical stability and flexibility in terms of controlling the mass
distribution, porosity, and effective surface area.
3.2 Surface Coating Engineering
Exactly opposite to the idea of increasing direct contact between electrolyte and zinc anode via
nanostructure engineering, the surface coating strategy effectively protects the zinc anode from
corrosion and dendrites formation via preventing contact of the zinc with the electrolyte and
mechanically suppresses the initial bulging of dendrites. The migration paths between zinc and the
electrolyte should not be obstructed completely, however, for electrode application in a battery
system. Therefore, the key requirements of a coating layer include suitable mass migration
tolerance, good resistance to aqueous solution, and good mechanical strength. The difficulty lies
in, however, how to keep the coating layer protective while preserving selective mass migration
channels. Two groups of coating materials were summarized according to the property of coating
layer.
3.2.1 Inorganic coating
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Inorganic coating layers are usually rigid with high mechanical strength, since they can
effectively inhibit protrusion of zinc dendrites.[176-179] To ensure the mass migration path of the
inorganic coating layer, Kang et al.[177] developed a simple and cost-effective strategy to improve
the stripping/ plating stability of Zn metal anodes via a nanoporous CaCO3 coating. As shown in
Figure 13, the porous coatings confined the Zn plating reaction to the surface region of the Zn
foil, and guided a uniform electrolyte flux and Zn plating rate over the entire Zn foil surface,
resulting in a uniform, bottom-up Zn plating process. Therefore, this strategy effectively avoided
the development of large protrusions/dendrites that may easily pierce separators and caused the
battery shorting. Besides the porous structure, Mai’s group [179] coated an ultrathin layer (8 nm)
of TiO2 using a repeated atomic-layer deposition (ALD) process. The ultrathin TiO2 coating serves
as a stable passivation layer for Zn metal, which succeeded in suppressing the zinc corrosion
process and hydrogen evolution, resulting in enhanced electrochemical performance of the zinc
electrode. However, rigid inorganic layers easily form cracks, which will severely deteriorate the
protective effect, even leading to the failure of the whole coating layer.
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Figure 13. SEM images of (a–c) bare and d–f) nano-CaCO3-coated Zn foils (a, d) before and (b,
c and e, f) after 100 stripping/plating cycles. The arrow in panel (c) points to a Zn protrusion
detached from the Zn foil. The inset of panel (d) contains a typical cross-sectional SEM image of
the nano-CaCO3 coated Zn foil. Reproduced with permission from Ref.[177] Copyright 2018 from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Active carbon coating is another important group of conductive and scalable coating layers;
moreover, the morphological/property diversity of carbon based materials (such as graphene, hard
carbon, carbon nanotube) offer a more flexible platform for coating layer engineering.[180-182]
Liu’s group developed an ion-sieving carbon layer coated ZnO nanoparticle anode. Thanks to the
ion-sieving effect of the microporous carbon coating shell, corrosion of zinc is supressed, offering
improved performance compared to Zn foil and bare ZnO nanoparticles in alkaline
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electrolyte.[181] As shown in Figure 14, the pore size of the coated carbon shell is carefully
tailored to allow hydroxide ions to pass through while blocking transport of zincate ions. During
charging, the zincate intermediate is trapped inside the carbon shell and reacts with Zn within the
shell, preventing deposition of Zn in another location. In contrast, the OH− ions can diffuse out
freely through the designed pores due to their smaller size. During discharging, the trapped
zincates will form ZnO with the participation of OH− coming from outside the shell.

Figure 14. Ion-sieving effect of ZnO nanoparticles protected via a carbon shell coating with
carefully designed pore size. The right side illustrates the sizes of the OH- and zincate ions.
Reproduced with permission from Ref.[181] Copyright 2018 from WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

3.2.2 Polymer coating
Comparing with inorganic coating, polymer coating is easier, cheaper to make; low cost; much
flexible; and environmental friendly, although it is also more easily pierced by zinc dendrites.[143,
183-186] Hoang et al.[184] released a review on corrosion chemistry and zinc protection effect of
several different polymer-based materials including polyaniline (PANI), polypyrrole (Ppy),
polymethyl methacrylate (PMMA), etc.. Zhu and Miyazaki et al.[143, 185] reported that an anion-
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exchange based ionomer coating was effective in impeding the dissolution of zinc. Ionomers are a
group of ion-containing polymers with hydrocarbon backbones and some pendant ionic groups.
These ionic components are essential for formation of physical crosslinked microdomains to
improve the mechanical strength. It was also found that the ionic groups (such as -COO- or amine
groups) in the ionic film could improve the hydrophilicity of the zinc anode. Because the radius of
the OH- anion is smaller than the size of the microdomains formed in the ionic film, it can migrate
through the film easily under electric field. Thus, the ionic film has high ion conductive selectivity
for anions such as OH- ions. Based on a water soluble anion exchange film
[poly(diallyldimethylammonium chloride) (PDDA)], as manifested in Figure 15, Gan et al.[183]
formed a composite with stable polyvinyl alcohol (PVA) as a cross-linked network substrate and
PDDA as anion carriers. The composite layer coated ZnO electrode showed a better protective
effect against zinc dendrites and corrosion, leading to significantly improved cycle life and
reversibility. The synthetic conditions for the polymer coating strongly affected the protective
effects of the polymers. For example, electro-polymerization of conductive polypyrrole (Ppy) with
sodium salicylate salt will create a thin, stable, and adherent layer on the zinc surface without
affecting zinc's electrochemical performance;[187] while polymerization conducted in a tartrate
solution with sodium molybdate (5 mM) leads to a denser Ppy film with smaller particles.[188,
189] Besides ionic film and Ppy, other polymers, such as polyaniline (PAN)[190-193],
organosilicon[194], polymethyl methacrylate (PMMA)[195], block-copolymer micelles[196],
polyvinylpyrrolidone, polyvinylpyridine[197], etc. were also reported as effective zinc coating
layers. The thickness, porosity, permeability, and mass mitigation property towards different ions
could be easily adjusted by synthetic parameter control.[187-189]

43

Figure 15. SEM images of (a) bare ZnO and (b) PVA/PDDA composite coated ZnO electrode
after 60 cycles; blue and red arrow corresponding ZnO and PVA/PDDA coating, respectively; (c)
Specific discharge capacity with the cycle number of bare and PVA/PDDA coated ZnO electrode
at charge/discharge current density of 50 mA/cm2; (d) Structures of PVA/PDDA coated ZnO, PVA
works as polymer matrix; PDDA works as anion charge carriers; GA represents glutaraldehyde,
which is the cross linker with PVA. Reproduced with permission from Ref.[183] Copyright 2015
Elsevier Ltd..

3.3 Electrolyte Engineering
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It is well known that battery performance is governed mainly by the electrolyte and not just the
electrode materials. Zinc protection could also be achieved effectively via an electrolyte
engineering strategy. Blazquez et al.[28] released a comprehensive review on electrolyte for a
secondary zinc-air based energy storage system.
3.3.1 pH adjustment
As shown in Figure 2(b) the dissolution/deposition of zinc electrode are closely related or, in
other words, as a function of the solution's pH value. Generally, no passivated ZnO layer is formed
under acidic conditions. Nevertheless, less protective porous oxide films may occur in the pH
range of 4 to 6. The solubility of zinc decreases with increased pH in weak acidic solutions. Under
neutral or slightly alkaline conditions more stable Zn corrosion products are generated [e.g.
Zn(OH)2]. In solutions with pH values higher than 9.0, zinc solubility rises again as the pH
increases; and hence, in the high-pH-range electrolyte, zincate ion [Zn(OH)42-] formation is
favoured, since zinc oxide and hydroxides both tend to dissolve. Moreover, the solubility of ZnO
is reduced at KOH concentrations lower than 6 M KOH. The concentration of KOH also influences
the conductivities of alkaline electrolyte. It was found that an increase in ZnO concentration and a
decrease in KOH concentration lower the rate of hydrogen evolution.[160] Therefore pH
adjustment is an important and effective strategy that could improve the electrochemical
performance of zinc electrode via alternating the tendency for zinc-electrode shape change and
dissolution-deposition behaviour significantly.[28, 198]
(1) Alkaline electrolyte (pH>8.0)
The alkaline electrolyte is mostly used in primary/rechargeable zinc-air battery, rechargeable
Zn-MnO2 battery, Zn-NiOOH battery and Zn-AgO battery [Figure 1(c)]. Among all the possible
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hydroxides (NaOH/LiOH/KOH), KOH has been the most extensively used in the alkaline
electrolyte due to the fast electrochemical kinetics, high solubility of zinc salts, and the superior
ionic conductivity given by K+. Hwang et al.[199] investigated the influence of KOH
concentrations ranging from 2.0 to 8.0 M on the electrochemical behaviour of zinc metal. The
results show that 4.0 M KOH is the optimum concentration for both redox reactions (Zn2+/Zn) and
suppression of the zinc corrosion rate. Higher conductivity could be obtained with 6.0 M KOH,
which is of benefit for decreasing the internal resistance, suppression of the ZnO formation, and
H2 evolution under a faster reaction speed. Adjustment of KOH concentration has been a
convenient and powerful strategy on zinc anode protection in alkaline electrolyte.
(2) Neutral and mild acid electrolyte (4.0<pH<8.0)
Zinc metal in alkaline electrolyte usually shows inherent electrochemical reversibility and fast
electrochemical kinetics (low overpotential). The alkaline electrolyte also possesses high ionic
conductivity; high solubility of zinc salts; and good performance at low temperature.[200, 201] As
depicted in Figure 2(b), however, alkaline electrolyte brings many problems, such as zinc
passivation, shape change and precipitation of carbonates when in contact with the CO2 in air.
Therefore, near-neutral (4.0-8.0) electrolyte has attracted more and more interest from the
researchers.[202-207] Most of zinc-ion batteries employ near neutral electrolyte; and there is also
a trend of replacing alkaline electrolyte with neutral electrolyte in zinc air system. According to
the mechanisms on zinc protection, the electrolyte salts used for the near neutral electrolytes are
mainly classified as chloride-based electrolytes (such as NaCl, NH4Cl, ZnCl2, etc.)[11, 28] ; other
inorganic based soluble salts, such as SO42-[11, 204, 208], NO3-[204, 208], ClO4-[203], HCO3-[81] etc.; and
organic bulk based electrolyte salts.

46

Jindra et al.[204] confirmed that the most suitable neutral electrolyte for zinc-air primary cells
was 5 M NH4Cl. Thomas Goh et al.[202] reported a secondary zinc-air battery working in aqueous
neutral electrolyte [0.51 M ZnCl2, 2.34 M NH4Cl, 1000 ppm of polyethylene glycol and 1000 ppm
of thiourea] for the first time. The zinc dendrite formation was minimized, and there was no
carbonate formation problem. Zn2+ may form a Zn-complex with reducible anions under neutral
conditions, and this forms a passivation layer outside Zn2+ and modifies the dissolution/deposition
behaviour of zinc, which directly improves the cycling stability of zinc anode. Clark et al.[209]
comprehensively simulated the thermodynamic stability of aqueous species of Zn2+-Cl--NH4+-H2O
complex. The results demonstrated that the stability of the aqueous Zn ligand complexes shifts
significantly with small changes in electrolyte salt concentration. The complex stability has big
impact on the ionic conductivity of the electrolyte, the composition of the final discharge product,
and the pH stability. Hu et al.[210] investigated effect of various compositions of weak acidic
aqueous electrolyte on zinc metal. Among sulphate electrolyte [(NH4)2SO4+ZnSO4], chloride
electrolyte [ZnCl2+NH4Cl], and acetic electrolyte [(NH4)2SO4+ZnSO4+(CH3COO)2Pb]; zinc
electrode in chloride electrode with a pH of 4.0 showed the minimum recharge transfer resistance
and lowest corrosion current density. The dendrite formation was also suppressed. Finally a
Columbic efficiency of 100% after 1000 times charge-discharge cycles was reported. One notable
thing is the appearance of NH4+ to form the stable complex. Another point is that an unwanted side
reaction [Equation (28)] involving chlorine evolution (CER) during charging will take place in the
neutral or weak acid chloride based electrolyte, however, and reduce the charging (oxygen
evolution reaction) efficiency of the zinc-air battery.[28] Inorganic additives such as cobalt
chloride (CoCl2), iridium oxide (IrO2), soluble manganese salts, and urea can be used to supress
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CER reactions in the zinc-air battery either via enhancing the oxygen evolution reaction (OER) or
reacting with the chlorine to produce benign gaseous products.[28, 208]
2𝐶𝑙 − → 𝐶𝑙2 + 2𝑒 − 𝐸 0 = 1.36 𝑉

(28)

𝐶𝑙𝑂4 − + 4𝐻2 𝑂 + 8𝑒 − → 𝐶𝑙 − + 8𝑂𝐻 −

(29)

Guoda et al.[211] compared the effects of different neutral salts, including SO42-, Cl-, Br-, I-,
ClO4-, NO3-, NO2-, WO42-, H2PO4-, HPO42-, and CrO42-. Generally, these salts were found to fall
into two main groups depending on the relationship of the steady-state potential to the anion
concentration. In the first group, to which SO42-, Cl-, Br-, I-, ClO4-, and NO3- belong, an increased
anion concentration is accompanied by a corresponding decrease in the potential of the zinc
electrode, indicating that these salts promote zinc corrosion with the degree of corrosion dependent
on the nature of the anions and their concentration. The order of these anions that promote the
corrosion of zinc in neutral media is as follows: SO42->Cl->Br->ClO4->NO3->I-. On the contrary,
at certain concentrations of chromate, phosphate, and nitrite solutions the corrosion potential of
zinc electrode moves towards better values, indicating how these ions function as corrosion
inhibitors. Currently, both ZnSO4 and Zn(NO3)2 electrolytes are widely used in aqueous zinc
batteries. A secondary zinc ion battery employing a neutral electrolyte containing ZnSO4, and
Zn(NO3)2, that had over 90% discharge capacity retention after 100 cycles was reported by Xu and
Yan et al..[20, 212] The protection effect of the above mentioned soluble inorganic anions on zinc
electrode is strongly related with the stability of solvated Zn2+-anions complex, which strongly
modifies the dissolution process of zinc metal and nucleation process of zinc deposition.
Perchlorate salt would decompose to Cl- and OH- ions via a complex and unclear eight-electron
reaction [Equation (29)], and therefore it could be used as an effective alternative to the alkaline
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electrolyte for the zinc-air battery. Hassan et al.[203, 206, 207] studied the effects of sodium
perchlorate (NaClO4) based neutral electrolyte (pH=6.0-8.0), however, and found that the
perchlorate ion would break down the passivation layer on the zinc electrode and cause pitting
corrosion at a certain anodic potential, as predicted by Guoda et al..[211]
Besides soluble anions, Laksa et al.[81] studied the corrosion behaviour of zinc in a neutral,
mixed NaHCO3 and NaCl electrolyte with a scanning flow cell system. The results showed that
the zinc corrosion is slowed down with increasing pH at low concentrations (<1 mM) of NaHCO3
due to the passivated protective Zn-CO3-OH film, which effectively hindered further zinc
corrosion [Figure 5].

Figure 16. Schematic illustration of (a) primary alkaline Zn-MnO2 battery using KOH electrolyte
and (b) rechargeable Zn-MnO2 cell using Zn(CF3SO3)2 electrolyte. (c) Comparison of the cycling
performances of Zn-MnO2 cells with electrolytes consisting of 45 wt.% KOH (at 0.32 C), 3 M
ZnSO4, 3 M Zn(CF3SO3)2, and 3 M Zn(CF3SO3)2 with 0.1 M Mn(CF3SO3)2 additive at 0.65 C. nC
equals the rate needed to charge/discharge the theoretical capacity (308 mAh g−1) of MnO2 in 1/n
hours. Data reproduced with permission from Ref.[213] Copyright 2017 from Springer Nature
Group.
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Mild acid inorganic electrolyte salt, however, such as the most commonly used ZnSO4, suffers
from intrinsically limited solubility, which will decrease Zn stripping/plating Coulombic
efficiency. Water soluble mild acid organic salts [such as Zn(CF3SO3)2] have been developed as
more ideal electrolyte for zinc ion batteries.[2, 11, 213] Chen’s group[213] replaced the alkaline
electrolyte in a primary Zn-MnO2 battery with an organic salt of Zn [Zn(CF3SO3)2], and finally
built a rechargeable energy storage system. As shown in Figure 16, the cycling stability in ZnSO4
electrolyte is significantly improved comparing with alkaline KOH electrolyte, but both are
interior to Zn(CF3SO3)2 salt based electrolyte.[213] Their superior properties could be ascribed to
their bulky hydrophilic organic anions [such as CF3SO3-], which could decrease the number of
water molecules surrounding the Zn2+ cations and effectively reduce the solvation effect because
high stability of Zn-CF3SO3 complex, which facilitates Zn2+ transportation and charge transfer.
Zhang et al.[214] compared the effect of different near-neutral electrolyte salt based on zinc salts
with CF3SO3- and various different inorganic anions. As demonstrated in Figure 17(a), under the
same electrolyte concentration, the Zn(CF3SO3)2 electrolyte shows the best stripping/plating
efficiency while the battery could not cycle with Zn(NO3)2 electrolyte. The morphologies of
electrodeposited zinc are highly related to the electrolyte salt [Figure 17(b-f)]. A porous and
interconnected net-like structure was obtained in 1 M Zn(CH3COO)2, ZnCl2, and Zn(CF3SO3)2
electrolytes. In contrast, plate-like particles with random orientations were observed in 1 M
Zn(SO4)2 and Zn(NO3)2 electrolytes; such structures lead to increased internal resistance via
formation of electrically isolated structure. These results implied that the deterioration of
Coulombic efficiency in Zn(SO4)2 and Zn(NO3)2 electrolytes could be ascribed to the deposition
of plate-like Zn and the formation of poorly conductive by-products. This offered theory base of
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realizing zinc electrode protection via replacing pure Zn(CF3SO3)2 electrolyte with mixed
electrolyte. Li et al.[180] designed a hybrid electrolyte [8 M NaClO4 + 0.4 M Zn(CF3SO3)2] for
Na−Zn hybrid ion batteries, in which stable Zn stripping/plating and improved kinetics without Zn
dendrite formation was achieved.

Figure 17. (a) Coulombic efficiency of Zn stripping/plating in typical Zn-based batteries with 1
M Zn(CF3SO3)2, Zn(CH3COO)2, Zn(SO4)2, Zn(NO3)2, and ZnCl2 electrolytes; (b-f) SEM images
of Zn layer plated on Ti foil in cells with 1 M Zn(CH3COO)2, ZnCl2, Zn(CF3SO3)2, Zn(SO4)2, and
Zn(NO3)2 electrolytes, respectively. Reproduced with permission from Ref.[214] Copyright 2019
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

51

(3) Strong acidic electrolyte (pH<4.0)
Although acidic electrolyte strongly supresses the passivation and dendrite formation of zinc
electrode, strong acid electrolytes (pH<4) have barely been utilized in secondary zinc batteries
because of the significantly accelerated zinc corrosion (hydrogen evolution) problem and the
consequent short life times of the zinc anode.[210] Guoda et al.[211] proved that acids with
different anions attacked the zinc metal to different extents, even at the same normality. The
aggressiveness of acids towards zinc metal was determined to HNO3>HCl>H2SO4>HClO4.
Contrary to behaviour in neutral electrolyte, NO3- combining with H+ is highly corrosive towards
zinc metal. H3PO4 and some other acids, however, could act as a passivating agent due to the
limited solubility of zinc phosphate. Especially, the passivation effect of phosphate ion will be
improved with presence of a complementary oxidizing agent, such as oxygen. Based on this point,
Blurton et al.[215] patented an acid aqueous based zinc-oxygen cell configuration. The electrolyte
was selected from a group consisting of sulphuric acid (H2SO4), phosphoric acid (H3PO4), and
boric acid (H3BO3). They reported that comparing with usage of neutral and alkaline electrolyte,
the dendrites formation and adsorption of CO2 were totally avoided in the acidic condition.
Methanesulfonic acid (HSO3CH3) is a common acid used in Zinc-Cerium flow batteries, in which
the organic bulk anions will also form a passivating layer to prevent severe corrosion towards zinc
metal.[216]
3.3.2 Additives
The utilization of soluble additives has been intensively explored as an effective strategy to
overcome the challenges on not only the performance of cathode [11, 137, 213, 217], but also zinc
electrodes. Just like the coating layer, electrolyte additives can be classified into inorganic and
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organic additives (or primarily referring as the surfactants). However, the solubility of these
additives will have a strong impact on their effects towards zinc protection. Moreover, some
additives may lead to deterioration in the energy density. Therefore carefully screening of additives
is of important for this strategy.
(1) Inorganic Additives
Generally, there are five different groups of inorganic additives that can be classified according
to the mechanism of zinc protection in aqueous electrolyte. The first group refers metal ions from
metal oxides or hydroxides dissolved in electrolyte. The zinc protection mechanism of this group
additives is much similar like alloying strategy, that is, the presence of metal ions, such as
Pb2+[218-220], Sn2+[220, 221], Hg/Ti/Sb ions[222, 223], Cd2+[224], In3+[224], Bi3+[225],
Nd3+[226], etc. usually leads to priority deposition of these higher reduction potential metals than
Zn to suppress hydrogen evolution in aqueous electrolyte.
Some metallic element additives could react with Zn to reduce corrosion in aqueous solution;
influence the morphologies of the zinc electrode; or be preferentially deposited onto surface defect
with high surface energy, such as grain boundaries, exposed inclusions, and other sub-microscopic
defects, which would diminish the formation of dendrites and prevent uneven dissolution of zinc
metal. Dendrite-free rechargeable Zn-based batteries with a nanocrystalline structure were
obtained by pre-addition of some Ni2+ into the ionic liquid [1-ethyl-3-methylimidazolium
trifluoromethylsulfonate] based electrolyte as the Ni2+ appears to have altered the interfacial layer
structure.[227] The formation of a thin layer of Zn–Ni alloy on the surface and in the initial stages
of deposition along with the formation of an interfacial layer on the electrode strongly affect the
nucleation and growth of zinc. A well-defined and uniform nanocrystalline zinc deposit was
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obtained in the presence of Ni2+ additive; while without Ni2+ additive, the zinc deposits as
dendrites-like Zn crystals. This offers a new thought in developing new additives that could protect
the zinc anode via modifying interface properties in aqueous electrolyte. Otani et al.[220]
investigated the effect of Pb2+ and Sn2+ additives on the electrodeposition of zinc anode. As
demonstrated in Figure 18, the initiation of layer-like zinc will be suppressed by incorporation of
PbO dissolved in 48 wt.% KOH into an alkaline zincate electrolyte (6 M KOH + 0.25 M ZnO).
Hence, the electrodeposited zinc will preferentially and uniformly grow along the [002] direction.
In contrast, Sn2+ did not show this inhibition effect, but after addition of Sn2+ into the electrolyte,
the texture of electrodeposited zinc was altered, and this modifies the growth behaviour of the Zn,
which results in uniform growth of nuclei and suppression of mossy structures.[220, 222]

Figure 18. (a) Layer-like Zn electrodeposited without any additives; (b) Morphology of Zn grew
with 1.0 mM PbO additives in electrolyte; (c) Morphology of Zn grew with 50 mM SnO additives
in electrolyte. All the samples were deposited with a current density of 5 C/cm2; all the scale bars
represented 1 micrometre. Reproduced with permission from Ref.[220] Copyright 2017 from
Elsevier Ltd..
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Protective inorganic layers, including silica nanoparticles or silicate were also found to be
effective electrolyte additives to obtain even and smooth zinc deposition, which could effectively
avoid production of the dendrites, and thus greatly reduces the probability of a battery short
circuit.[228-230]
In particular, since both the shape change and passivation of zinc anode in alkaline electrolyte
are related to the solubility of the discharge product [Zn(OH)42−], using a pre-saturated zincate
solution via adding ZnO into alkaline electrolyte has been proved to be effective to minimize shape
change by inducing a ZnO passivation layer at an earlier point during discharge.[141, 231-235]
Recently, however, Parker et al.[171] reported that the extra added ZnO [or Zn(OH)42−] in the
electrolyte and the newly formed ZnO from the electrochemical reactions of the zinc electrode
would be simultaneously reduced to zinc metal, leading to densification of the zinc electrode,
poorer current distribution, earlier passivation, and eventually dendrite growth due to rising
deposition overpotentials. Therefore, there should be a critical concentration of added ZnO that
could lead to the best performance of the zinc electrode. Kim et al.[236] proved that the cycling
stability of the Zn–air cell was significantly enhanced by keeping the zincate ion content in the
alkaline electrolyte below the supersaturation limit (i.e., about twice the chemical solubility of
ZnO in KOH solution).
Other inorganic additives including borates (K3BO3)[94, 237], carbonates (K2CO3)[96, 238,
239], phosphates (K3PO4)[94, 237], and fluorides (LiF, KF)[94, 96, 237, 238] could also
effectively protect zinc anode from shape change and redistribution. Nicholas et al.[94] proved
that these additives had no direct effect on the ZnO solubility but modified the concentration of
OH- ions by the formation of insoluble hydroxide zinc complexes, which indirectly modifies the
solubility of ZnO.[94] The effect of LiOH additive in KOH electrolyte was found to form two
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possible compounds--KLiZnO2 and Li2ZnO4. The oxo-zincate compounds like KLiZnO2 are
expected to leach OH- ions gradually, leading to a higher solubility of Zn ions and thus preventing
the passivation of ZnO.[70]
(2) Organic Additive
Various of organic additives including polymers[113, 240-246] , monomers[247], morphology
control surfactants[244, 248-255], and other small molecular organic additives[256-258] have
been also proved to be effective for zinc anode protection. The polar groups of these additives are
attracted onto the zinc electrode, while the non-polar groups escape from the surface of the zinc
electrode to form a modified interface that inhibits corrosion and alternates dissolution/deposition
behaviour of zinc metal. Hence the structure and composition of the organic additives play
important part on the protective effect, such as the molecular polarity, steric configuration, and
length of carbon chain, etc.. For example, the high surface energy areas that are subjected to easily
induce zinc dendrites prone to attract the molecular with higher polarity more easily, which could
take better effect in simultaneously suppressing zinc corrosion and dendrites formation. However,
to form an intact protective layer on zinc, enough amounts of organic additives will be needed.
This inevitably increases the cost, internal resistance and worsens the discharge performance of
the whole zinc batteries.
Li et al.[113] found that the polymers containing polyoxyethylene group were more effective
than other organic additives as zinc corrosion inhibitors. Addition of both imidazole (IMZ) and
polyethylene glycol (PEG) was proved to offer a synergetic effect towards zinc protection in 3 M
KOH electrolyte.[259] The ring like IMZ inhibits zinc corrosion mainly by depressing the anodic
reaction and the PEG chains contribute by depressing the cathodic reaction. Dobryszycky et
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al.[260] compared the zinc protection behaviour of polyethylene glycols (PEG) and other
inhibitors, such as ethoxylated-polyfluoro-alchol) (FORFAC) and Brij30 (alkyl-polyethylene
oxide, n=4), among which, PEG showed the best protective effect. Kordesh et al.[243]
demonstrated that PEG 600, with a carbon chain length of n=9-11 was the most efficient compared
with other chain lengths. Some polymer monomers were also selected as electrolyte additives,
such as acrylonitrile.[247] These monomers usually underwent a chemical adsorption and selfpolymerization to deliver a thin organic coating film under a controlled condition, which
effectively protect the zinc metal surface.
Some small molecular organics, such as tetra butyl ammonium bromide (TBAB) also showed
promise effect on limiting dendrite formation in repeated charge/discharge cycles at lower cathodic
overpotentials.[225, 261, 262] Its large organic cationic species were attracted at possible zincdendrite growth centres and blocked the deposition of zinc at these sites, leading to formation of a
smoother distribution of coherent Zn deposits. Fluorinated surfactants, such as Atochem F1110
(C6F13C2H4[OC2H4]12OH) have the advantage of being chemically stable in strong basic
electrolytes and the high polarity of fluorine can stabilize the solvated zinc ions, leading to stable
grain structure of zinc deposits, hindering the formation of mossy and dendrite deposits through
the absorption.[254, 263, 264] Lee et al.[255] compared the zinc protection effect of several
different acids in 8.5 M KOH electrolyte. In the case of dendrite prevention, the order is citric acid
> succinic acid > tartaric acid > phosphoric acid. This is because the dendrite formation is highly
related with the uneven deposition of zinc at high surface energy sites. Hence the molecule with
the highest number of polar groups acts as the most effective resistor of dendrite formation.
However, the effect of hydrogen evolution suppression is in the sequence of tartaric acid > succinic
acid > phosphoric acid > citric acid because the decreased number of polar groups always possess
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low overpotential of hydrogen evolution. And as shown in Figure 19. Sun et al.[244] synthesized
zinc anode via electrodeposition with addition of different surfactants. These surfactants not only
altered the morphology of the zinc anode, but also served as organic protective layers on the
surface of the zinc. In addition, the cycling stability of zinc anode synthesized with sodium dodecyl
sulphate (SDS), thiourea, and PEG8000 was much better than for commercial and cetyl
trimethylammonium bromide (CTAB) sample.
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Figure 19. SEM images of electrodeposited zinc anode with (a) cetyl trimethylammonium
bromide (CTAB); (b) sodium dodecyl sulphate (SDS); (c) PEG (molecular weight 8000); (d)
thiourea; (e) commercialized zinc foil; and (f) electroplated zinc without additive in the
electroplating bath. Data reproduced with permission from Ref.[244] Copyright 2017 from
American Chemical Society.

Some organics, such as ethanol[256, 257] and acetate[257], could form zinc alkyl-oxide
complexes [𝑍𝑛(𝑂𝐻)4−𝑛 (𝑂𝑅)2−
𝑛 , where R is the alkyl ligand]. The formation of ZnO from this
type of complex is relatively difficult than for zincate ions [Zn(OH)42-], leading to improved zinc
dissolution/deposition behaviour. Xu et al.[258] added the room temperature ionic liquid 1-ethyl3-methylimidazolium into an alkaline electrolyte (9 M KOH + 0.5 M ZnO), which also improved
the electrochemical reversibility of zinc. The adsorption of this complex additive changed the Zn
nucleation process and reduced the potential variation during electrodeposition, which suppressed
the uneven growth of Zn deposits and the formation of Zn dendrites.
3.3.3 High concentration electrolyte
In aqueous electrolyte, all the reactions happened on zinc metal involve a strong interaction
between Zn and water molecules, whereas the generation of a hydroxyl ion (OH−) and protons
(H+) via water dissociation often drives the formation of hydrogen gas, Zn(OH)2, or zincates. The
strongly bound zincates are then electroplated back and the promoted shape change and zinc
dendrites formation. Therefore the strategy that involves replacement of the OH- or water molecule
“shell” by other components around the Zn ion “core” via highly-concentrated aqueous electrolyte
has been proposed and experimentally verified to be quite effective for supressing zinc corrosion,
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dendrites formation and increasing the reversibility of zinc anode.[2, 180, 214, 265-267]
Moreover, the high-concentration electrolyte system contains less free water compared with dilute
aqueous electrolyte, which leads to a much higher charging/discharging potential window and
higher energy density.

Figure 20. (a) Molecular dynamic simulation results for zinc complexes in mixtures of 1 M
Zn(TFSI)2 and different concentrations of LiTFSI at 363 K; (b) galvanostatic stripping/plating of
a symmetrical Zn cell at 0.2 mA/cm2 current density; data reproduced from Ref.[2] Copyright 2018
from Springer Nature Group. (c) In situ optical microscopic images of the H2 evolution during the
Zn electrodeposition process in 0.5 M LiTFSI + 0.5 M Zn(TFSI)2 (upper row) and in deep eutectic
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solvents at 0.2 mA/cm2 current density (lower row); data reproduced from Ref.[267] Copyright
2019 from Elsevier Ltd.. (d) Molarity of the ZnCl2-H2O binary system as functions of the weight
ratio of ZnCl2 to H2O and the molar ratio of H2O to ZnCl2. The proposed hydration shells around
Zn are shown as insets. The term “water-in-salt” denotes an electrolyte with a salt to water weight
ratio > 1; data reproduced with permission from Ref.[265] Copyright 2019 from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

As displayed in Figure 20(a-b), Wang et al.[2] developed a highly reversible zinc-electrode
based

on

a

Zn

ion

electrolyte

with

a

high

concentration

of

Li(TFSI)

[TFSI:

bis(trifluoromethanesulfonyl)imide]. With increasing concentration of LiTFSI, the coordination of
Zn2+–O–H2O complex is gradually changed to Zn2+–O–TFSI; the Coulombic efficiency is also
improved while the dendrite growth is inhibited. The organic fluorinated zinc/lithium salts are
quite expensive, however, which makes the practical application of the high-concentration
electrolyte strategy challenging.
Another alternative idea for high concentration electrolytes referred as the water-mixed deep
eutectic solvents (DESs), which were prepared by mixing low-cost Lewis acids and Lewis bases
in the eutectic molar ratio.[268, 269] A room temperature deep eutectic solvent (DES) is an ionic
solvent that is composed by a mixture of a solid salt and a complexing agent that forms a eutectic
system with a melting point close or below room temperature.[270] The interaction of the
complexing agent (typically a hydrogen-bond donor) with the anions shields the effect with
cations, in turn inducing a depression in the melting point of the mixture.[271, 272] The melting
point decreases with increasing asymmetry of the cations. Compared with the room temperature
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ionic liquids[273, 274] and organic solvent electrolytes[275], DESs are low-cost; have good
resistance to air; are easy to prepare; and biodegradable; while their freezing points are influenced
by the hydrogen bond strength of the different negatively charged counter ions. This means that
the DESs based electrolyte has the potential to extend the practical working temperature range of
the zinc-based battery. More importantly, coordinated and hydrogrn-bonded ions or molecules
within DESs make them strongly water-miscible and highly hygroscopic. Zhao et al.[267] reported
this kind of “water-in-deep eutectic solvent (water-in-DES)” electrolyte [~30 mol.% H2O in a
eutectic mixture of urea/LiTFSI/Zn(TFSI)2], in which all water molecules participate in the DES's
internal interaction (H-bonding and coordinating) network instead of reacting with zinc metal,
leading to suppressed corrosion of the Zn anode [Figure 20(c)]. A zinc–air battery utilizing cheap
ZnCl2 molten hydrate electrolyte (ZnCl2.xH2O) was assembled and tested by Chen et al..[265]
They also elucidated the relationship between the solvation structure of Zn salts and their
corresponding electrochemical behaviour. As shown in Figure 20(d), the water-in-salt electrolyte,
however, is different with the molten hydrate because the former still contain a non-negligible
amount of free water molecules. In other words, the concentration of molten hydrate is even higher
than that of the water-in-salt DESs. The Zn cells based on this kind of electrolyte could deliver
both high energy density and stable cycling performance.
3.3.4 Gel-polymer Electrolyte
As mentioned above, the problems of zinc anode mostly arise from its interaction with water in
the electrolyte. Although there have been many reports and reviews on eliminating problems
happened on zinc electrode via usage of ionic organic based [227, 276-280] and room temperature
ionic liquid based electrolyte[274, 281, 282]; these electrolytes are more expensive than aqueous
electrolyte, highly flammable, and quite sensitive to air/humidity, which severely counteracts the
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advantages of zinc based batteries. The non-liquid like hydrogel-polymer electrolyte, could be see
as an ideal alternative of these organic/ionic liquid electrolyte,[230, 283-286] which will be
summarized in the following part.
The gel-polymer electrolyte (GPE) contains a small amount water retained in a stable polymer
hydrogel, which offers not only reasonable flexibility, stability and mechanical strength, but also
high ionic conductivity (10-4-10-3 S/cm) and a good protective effect towards zinc metal
electrode.[283, 285, 287-291] For one thing, similar to the concept of high concentration
electrolyte, the amount of free water in GPE is significantly reduced comparing with liquid like
aqueous electrolyte and hence, the problem of zinc metal in normal aqueous electrolyte is
effectively supressed. The polymers, on the other hand, form a protective coating on the zinc metal.
Hydrophilic polymers including poly(ethylene oxide) (PEO),[292-294] poly (methyl
methacrylate) (PMMA),[295, 296] poly(acrylonitrile) (PAN),[163] poly (vinylidene fluoride)
(PVDF),[297, 298] poly(vinyl alcohol) (PVA),[285, 292, 294, 299, 300] poly(acrylic acid)
(PAA),[299,

301]

and

poly(4-vinylbenzenesulfonate-co-

[3(methacryloylamino)propyl]trimethylammonium chloride) (PAM),[163] were traditionally used
for GPEs of zinc based batteries by phase-inversion methods followed by immersion in aqueous
electrolytes[302], solvent-casting steps[299, 303, 304], and in situ polymerization[305-307].
The ratio between the ionic components (aqueous electrolyte solution) and the mechanical
strength component (polymer) not only has great significance for tuning the overall
electrochemical performance and flexibility of zinc based batteries, but also is vital for zinc
protection.[10] Because the capacity for water retention, permeability, and wettability of polymers
with respect to the aqueous components are mainly dominated by the composition/structure of
polymers, such as the functional groups, length of carbon chains, etc.. A GPE prepared simply by
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mixing PVA/PAA and KOH solution exhibited a high ionic conductivity of 0.3 S/cm, which is the
same order of magnitude as that of aqueous electrolytes. The implementation of this gelled
electrolyte in zinc–air batteries resulted in high zinc utilization (above 80%) and high practical
specific capacity close to the theoretical value.[299] As the PVA/PAA ratio decreased from 10:3
and 10:5 to 10:7.5, the zinc anode utilization efficiency increased from 82.4% to 82.9% and 89.8%,
respectively.[299]

Figure 21. (a) Schematic illustration showing the molecular forces that dictate the aqueous
solubility of organic solutes; data reproduced with permission from Ref.[308] Copyright 2017
from American Chemical Society. (b) Photograph of aqueous solutions of 2 M ZnSO4 and 0.1
MnSO4 after adding 10 wt.% polymers: poly(ethylene oxide) (PEO), polyvinyl alcohol (PVA),
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agar, gelatin, sodium polyacrylate, and xanthan gum. The PEO, PVA, agar, gelatin, and sodium
polyacrylate added samples were aggregated, while the xanthan gum was uniformly dissolved in
the solution; data reproduced with permission from Ref.[292] Copyright 2018 from Royal Society
of Chemistry.

However, an important inconvenient truth about GPEs is the difficulty in matching the polymer
component and the electrolyte salt because of the salt tolerance problem of polymer. For Zn-ion
batteries, some typical zinc salts with small and high charge density anions, such as SO42- and
PO43-, have a very strong ability to induce commonly used water-dispersible polymers to
“precipitate out” from aqueous solution according to the Hofmeister theory [Figure 21(a)], which
makes uniform gel electrolyte preparation a challenge.[308] Zhang et al.[292] prepared a uniform
GPE employing 3 M ZnSO4/0.1 M MnSO4 and 20 wt.% xanthan gum electrolyte, as shown in
Figure 21(b). Unlike commonly used PEO, PVA, etc., xanthan gum is not precipitated out by
sulphates because of its unique structure.
Currently the development of GPE based electrolyte is still in its infancy. Although the use of
GPEs is believed to provide protection to the zinc electrode and widen the application prospects
of zinc based batteries, such a cell system suffers from a low power density and low energy
efficiency compared with liquid aqueous electrolyte because of the low zinc diffusion rate.[70]
3.4 Other Strategies
Besides the extensively reported strategies mentioned above, there were also some other unusual
but effective strategies developed recently.
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When considering the reversibility and utilization efficiency of zinc electrode, one factor is
always ignored in the alkaline electrolyte. The zincate ions may deposit out on the cathode side
due to the saturation of electrolyte, which could deteriorate the cathode reversibility and contribute
partially to depletion of the zinc anode or low utilization efficiency. Currently, the most widely
utilized separator is commercial microporous polyolefin film, on which the closely ordered
micropores act as passages for electrolyte flooding, including both electrolyte salt and the zincate
ions.[19, 137, 309] Hwang et al.[310] coated an anion selective ionic polymer on a commercially
available polypropylene separator (Celgard 5550). The coated separator allows anionic transfer
through the separator and minimizes the migration of zincate ions to the cathode compartment.
Use of the copolymer-coated separator resulted in less zinc element in the cathode part, indicating
lower zinc crossover. The thus-constructed zinc-air cell with the ionic liquid induced copolymercasted separator drastically improved the durability of the zinc electrode.
Flowing electrolyte is beneficial for restricting the formation and growth of zinc dendrites;
hence, zinc-based flow batteries are attracting extensive attention.[44, 69, 311-318] Tuning the
velocity of the flowing electrolyte can further enhance the efficacy of flowing electrolyte to solve
the zinc dendrite problem, since the convection minimizes concentration differences near the zinc
electrode, which effectively suppresses concentration polarization and offers a uniform
dissolution/deposition current for the zinc electrode.[13] Zhang and Cheng et al.[319, 320]
increased the average Coulombic efficiency and energy efficiency to 96% and 86% of those of a
Zn–Ni battery, respectively, by applying a flowing electrolyte. As can be seen in Figure 22(a), by
varying the flow velocity, temperature, and current density, the morphology of the deposited zinc
in flow-battery could be adjusted.[318] More importantly, no zinc dendrites were observed on the
zinc electrode at any current density when using the flowing electrolyte.[320]
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Figure 22. (a) Morphology pattern of the zinc deposited in a flow battery at different electrolyte
temperatures and flow velocities; the electrolyte is 8 M KOH containing 0.5 M ZnO; the deposition
time was 30 min and a mean current density of 50 mA·cm-2 was applied. Data reproduced with
permission from Ref.[318] Copyright 2015 from David Publishing Company. (b) The upper part
is photograph of two commercial Ni−Zn AAA batteries from PowerGenix; discharge capacity of
PowerGenix AAA Ni−Zn batteries charged using continuous (orange) and pulsed DC protocols:

67

(2/1 s, on/off) (blue), (5/2 s, on/off) (turquoise) protocols at a current of 400 mA. Data reproduced
with permission from Ref.[84] Copyright 2017 from American Chemical Society. (c)
Electrohealing of Zn dendrites through mediating the Zn deposition behaviour by manipulating
the current densities. Data reproduced with permission from Ref.[321] Copyright 2019 from
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Scheme for the synthetic of the MOF808 solid state electrolyte used for zinc battery. Data reproduced with permission from Ref.[322]
Copyright 2019 from Elsevier Ltd..

The dissolution, deposition, and morphology of the zinc electrode could be directly controlled
by the working/deposition current density.[46, 84, 321, 323-325] Wang et al.[325] simulated the
morphological evolution of deposited zinc under different conditions of direct currents and pulsed
currents, which demonstrated that the surface roughness and the structure of the electrode could
be manipulated by the charging current and its mode. A uniform morphology for the deposited
zinc was attained with a low current, pulsating current or hydrodynamic electrolyte, and a granular
morphology was obtained by means of an electrode with a discrete columnar structure in
combination with high current and flowing electrolyte. Garcia et al.[84] adapted a scanning droplet
cell technique to prove that, after optimization of the electroplating protocol by controlling the
nucleation, zincate ion depletion, and zincate ion diffusion, uniform and homogenous Zn deposits
with a complete absence of dendrite growth could be achieved. Finally, the cycle life of the zinc
based battery could be significantly prolonged, as shown in Figure 22(b). Yang et al.[321] further
developed this theory and proposed an active “electrohealing” methodology to in situ eliminate
already-formed Zn dendrites via tuning the current density. Zn dendrites first grew at 10 mA.cm−2,
which were then electrohealed at low current density (1 mA.cm−2). Finally, the lifespan of a
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symmetric zinc cell with neutral electrolyte was prolonged by more than five times. Morphological
examination attributed these lifespan improvements to the passivation of the initially-sharp tips
and the gradual formation of a smooth surface (dendrite elimination) with increased area [Figure
22(c)].[321]
Solid-state electrolytes (SSEs) have been widely used to prevent dendrite formation in Li/Na
batteries by virtue of their mechanical robustness.[326-330] Inspired by these reports, Wang et
al.[322] reported a solid state electrolyte for the zinc ion battery for the first time in 2019. As
shown in Figure 22(d), a metal-organic framework (MOF-808) [Zr6O4(OH)4(HCOO)6(BTC)2,
BTC=1,3,5-Benzenetricarboxylate] with large pores was first charged to a highly negative charge
density by HCl treatment. The H+ counter ions in the pores were replaced by Zn(H2O)62+ by
immersing the HCl treated MOF-808 in zinc acetate solution. The final product exhibited a high
Zn2+ conductivity of 2.1×10−4 S/cm at 30 °C with small activation energy of 0.12 eV and a high
Zn2+ transference number of 0.93. With the electrochemically driven desolvation of Zn(H2O)62+
confined within the anionic MOF host, water molecules are released to form an interfacial wetted
area (nanowetted interface) during Zn2+ deposition, which will significantly improve the diffusion
rate of Zn2+ and the kinetics of electrochemical reaction. The microporous structure and the
nanowetted interface played the key roles in restricting and guiding uniform Zn deposition to avoid
dendrite growth. This SSE also demonstrated good compatibility with Zn metal anode and
promoted dendrite-free, smooth, and compact Zn deposition, which benefited from its solid
microporous structure with a nanowetted interface between the SSE and the Zn metal. The usage
of SSEs significantly inhibits the dissolution of zinc and shape change, while totally eliminating
the corrosion of zinc by water.
4. Summary and Perspective

69

The effect and drawbacks of the above-mentioned strategies towards zinc protection in aqueous
electrolyte are summarized in Table 4. All of these strategies would significantly increase the
utilization and Faraday efficiency of zinc anode to improve the overall battery capacity; improve
the stability to enhance the reversibility and Coulombic efficiency; while simultaneously decrease
the risk of battery shortage and bulging.
Table 4. Summarization of different strategies towards zinc protection effect in aqueous
electrolyte and their drawbacks.
Strategy

Mechanism
•
Alloy with high
HER overpotential metals;
•
Anodic protection;
•
Formation
of
protective layer;
•
Phase change;
•
Morphology
change.
•
Composites
with
metal oxides to form alloys;
•
Composite
with
protective hydroxides layers;
•
Composite
with
conductive components make
current distribution even.
•
Zinc
atom
arrangement and strength of
bonds affect the dissolution
and deposition process.
•
Shortened
ion
diffusion path;
•
High specific area
and
uniform
current
distribution;
•
Morphology control
may expose different facets.

Mitigated Side Effect

Drawbacks

•

Zinc corrosion

•
Usage
of
environmental
hazardous
metal;
•
Lack of a basic
database with different effects
of metals.

•
Zinc corrosion;
•
Dendrite
formation;
•
Shape change.

•
Non-conductive
metal oxides and hydroxides
layer may increase internal
resistance, mitigate mass
transfer.

•

Zinc corrosion

•
Difficult to control
and achieve.

•
Dendrite
formation;
•
Passivation;
•
Shape change.

•
May
increase
corrosion because of the
increased surface area.

Inorganic Coating

•
Porous or ultra-thin
protective inorganic layer will
decrease
direct
contact
between water and zinc;

•
Zinc corrosion;
•
Dendrite
formation;
•
Shape change.

•
Increased resistance;
•
Degraded
mass
transfer;
•
Rigid inorganic layer
is easy to crack.

Polymer Coating

•
Carefully designed
polymer coating possesses
selective mass migration
channels.

pH Adjustment

•
Solubility of ZnO
and ionic conductivity of
alkaline electrolyte could be
adjusted by pH.

•
Zinc corrosion;
•
Dendrite
formation;
•
Shape change.
•
Zinc corrosion;
•
Dendrite
formation;
•
Passivation;

Alloying

Intrinsic
Zinc
Engineering

Composite

Crystal Engineering

Nanostructure
Morphology
Engineering

Surface
Engineering

Electrolyte
Engineering

and

•
Increased resistance;
•
Degraded
mass
transfer.
•
Alkaline electrolyte
could absorb CO2, easy to form
passivation;
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•
Anions
in
the
electrolyte play significant
role in determining reactions
between Zn and water.

Additives

•
Metal ion additive
could form alloys, affect
deposition process;
•
Form
protective
coating layer;
•
Polarity, structures
of anions in surfactants affect
dissolution,
deposition
process of zinc.

High
Concentration
Electrolyte

•
Decreased
free
water content;
•
Rich platform of
deep eutectic salts.

Gel-polymer Electrolyte

Separator

Flowing Electrolyte
Other
Strategies

Dissolution/deposition
Current Control

Solid-state Electrolyte

(i)

•
Decreased
free
water content;
•
The components are
pivotal
to
adjust
the
electrochemical performance.
•
Anion
selective
ionic
polymer
coated
membrane.
•
Decreased
concentration polarization;
•
Uniform
current
distribution;
•
The
nucleation
control and zincate ion
diffusion adjustment.
•
Water
molecules
are released to form an
interfacial nanowetted area
during
electrochemical
process.

•

Shape change.

•
Zinc corrosion;
•
Dendrite
formation;
•
Passivation;
•
Shape change.
•
Zinc corrosion;
•
Dendrite
formation;
•
Passivation;
•
Shape change.
•
Zinc corrosion;
•
Dendrite
formation;
•
Passivation;
•
Shape change.

•
Strong
acidic
electrolyte is harm for the
battery system.
•
Possible
side
reactions in neutral chloride
electrolyte.
•
Deteriorated energy
density;
•
Solubility
and
concentration of additives are
important.

•
Increased cost
electrolyte;
•
The solubility
electrolyte salt is limited.

of
of

•
Decreased
ion
conductivity;
•
Salt
tolerance
problem.

•
Dendrites
formation.

•
Increase
difficult to realize.

cost,

•
•

Shape change;
Dendrite formation.

•
Increase
difficult to realize.

cost,

•
•

Shape change;
Dendrite formation.

•
Difficult to realize,
limited application.

•
Zinc corrosion;
•
Dendrite
formation;
•
Passivation;
•
Shape change.

•
Decreased
ion
conductivity
and
battery
performance;
•
Infancy stage.

Intrinsic zinc metal engineering

Utilization of metals that are less active than zinc in water could significantly increase the
hydrogen evolution reaction overpotential; metals that are more active than zinc, on the other hand,
could protect the zinc metal by sacrificing the active component. In addition, some alloying metals
could diminish the crystal size or form new intermetallic phases that are more resistant towards
water. There is still no comprehensive evaluation, however, on the relationship between the kind
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of metal and the protective effect on zinc metal in electrolyte with different pH values. Considering
the price, safety, and environmental hazards of the different metals, however, Cu, Al, Fe, Sn and
Ni are the most promising alloying elements. Metal oxides composited with zinc will be reduced
into metals firstly during the electrochemical reactions and protect the zinc anode in the same
manner as alloying strategy. Alkali-earth metal hydroxides and zincate will form a protective
compound, which could decrease dissolution of zinc ions and alleviate the negative effect of water
towards zinc metal. Composites of zinc metal with conductive components would ensure high
conductivity and uniform current distribution, which are both effective for preventing shape
change and dendrites formation. The energies for dissolution and corrosion of zinc atoms are
highly related to the atomic arrangement in the zinc bulk and strength of zinc metal bond, and
hence, the zinc-water interaction behaviour could be significantly adjusted by exposing different
facets and surface defects. Porous and other low dimensional nanostructures yield a high specific
area, facilitating uniform mass and electron transfer between the zinc metal and the electrolyte,
which strongly suppresses shape change and dendrite formation. However, the corrosion of
nanoscale zinc metal may also be enhanced due to the increased surface area.
(ii)

Surface engineering

The surface coating strategy effectively protects the zinc metal via diminishing direct contact of
the zinc with aqueous electrolyte. However, this strategy increases the internal resistance and
partially obstructs migration path of dissolved zinc, which degrades the performance of zinc based
batteries. Therefore, the key requirements for a coating layer include suitable mass migration
capability, good resistance to aqueous solution, and good mechanical strength.
(iii)

Electrolyte engineering
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Both alkaline and acidic condition accelerate side reactions of zinc, hence neutral or near-neutral
(pH around 5.0-8.0) electrolyte has become potential development direction of new electrolyte
system. Especially, the anions [including both inorganic and bulky organic] in near neutral
electrolyte salt strongly affected dissolution and deposition process of zinc via adjustment of the
zinc-anions bond strength, which is the key parameter in alleviating zinc corrosion, zinc dendrite
and shape change problems. Additives in electrolyte play several different roles in protecting zinc
electrode depending on their properties, such as the formation of alloys via priority deposition than
zinc, formation of a protective coating layer, and adjustment of electrolyte pH, as well as leading
to modified interface properties and solvation process. The polarity, configuration, and
composition are key parameters that affect the protection mechanism. The additives in electrolyte
also increase the internal resistance of zinc electrode and deteriorate the performance of
corresponding energy storage system. It is highly expected a combination of several different
additives should be more effective and deserve more investigation. Increasing the concentration
of electrolyte salt greatly diminishes the chance of zinc-water interaction, thus effectively protects
the zinc electrode while increasing the charging/discharging potential window. However, the usage
of large amount of electrolyte salt brings up the overall cost and is limited by the solubility of
electrolyte salts. With the similar mechanism of high concentration electrolyte, deep eutectic
solvent based electrolyte, on the other hand, has become more and more attractive despite the low
cost and rich composition selection platform. Gel polymer based electrolyte (GPE) yields
protection effects on zinc electrode due to decreasing the amount of free water. It also offers high
flexibility while diminishes the volatilization of water. The collocation and weight ratio between
the electrolyte salt and polymerization component are two key parameters for design of GPEs.
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However, the low ion conductivity also hinders the mass transfer of zinc ions. The matching
between electrolyte salt and polymerization component limited the selection of GPE method.
It is strongly believed that the realization of rechargeable zinc-based cells will require more
efforts to address the tougher challenges on the zinc electrode side than the cathode side. Better
understanding on the formation mechanisms of zinc deposits; the correlation between the
deposition product and its electrochemical performance; the dissolution process of zinc metal in
alkaline electrolyte and the dendrite growth process, need to be further investigated via in-situ
techniques and simulation methods. The effect of each individual strategy is rather limited and has
different drawbacks. Also, some strategies protect the zinc anode via similar mechanisms, so a
carefully designed and combination of series of strategies most likely could achieve a much better
protective effect. Some of these strategies, on the other hand, are also effective towards protection
of other metal electrodes applied in different energy storage systems.
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